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ABSTRACT 
 
Outbreaks of diseases in recreational waters are frequent and cause death worldwide. 
The EPA established the water quality standard for the fecal indicator bacteria (FIB), Escherichia 
coli, to determine when there is a risk to public health in the U.S. However, a quick method to 
detect and quantify E. coli in situ is needed. In this work, we developed a paper-based device 
for pathogen detection with a focus on FIB E. coli. T4 bacteriophages were physically adsorbed 
on paper and able to capture E. coli in 5 minutes. For the first time, metabolic changes of 
bacteria in lake water were considered for designing two colorimetric assays for detection. The 
limit of detection (LOD) was 104 colony forming units (CFU) (p<0.05) and the color could be 
observed by the naked eye on the paper within an hour at room temperature. A pre-
concentration was coupled to this technology achieving a LOD 5 X 105 CFU in 100 milliliters 
filtered. The conditions of assays are field-friendly for testing even in remote places and 
developing countries.  
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Chapter 1: Introduction 
1.1 Motivation 
Recreational Water Illnesses (RWI) cost about $19 billion annually only in the U.S. [1]. 
Considering developing countries where healthcare and sanitary conditions are more limited, 
the economic impact is more significant. Worldwide 2.5 billion people do not have access to 
potable water [2] and 13 million die per year as a consequence of waterborne infections, 2 
million of which are children [1]. Diarrhea, one of the most common RWI [3], causes 4 billion  
cases and 4% of the total deaths (2.2 million people) in the world annually [4]. Even though 
developing countries have greater challenges related to water quality, this situation does not 
exclude developed countries. Alarmingly in the U.S. there are 900 000 cases of RWI per year [1]. 
Also, 7.1 million people suffer from mild to moderate water-related infections with 12 000 
deaths within the country annually [2]. Although diarrhea is the most frequent kind of illnesses, 
meningoencephalitis, dermatitis and acute respiratory infections are reported frequently [5]. 
Waterborne infections are caused by pathogens transported in contaminated fresh 
water. In the U.S. a contaminated or impaired water is defined as a water-body which does not 
meet the standards established by the Environmental Protection Agency (EPA). According to 
the Clean Water Act section 303(d) a Total Maximum Daily Load (TMDL) should be developed 
for each impaired water-body [6]. The TMDL implementation has as objective to improve water 
quality thus prevent possible outbreaks of diseases. Furthermore, the EPA has established 
pathogen indicators or Fecal Indicator Bacteria (FIB) together with their federal standards 
(maximum amount of pollutant allowed) for recreational waters. Particularly, Escherichia coli 
(E. coli) has been established as a good predictor of gastrointestinal (GI) illnesses in these type 
of waters [7]. The federal standard for primary contact in fresh water (lakes, rivers, streams, 
etc.) is 235 Colony Forming Units (CFU) of E .coli per 100 ml or 126 CFU in the same volume 
when considering the geometric mean [7]. These E. coli standards correlate to 8 GI infections 
per 1 000 swimmers [8].  
The typical approved EPA method to quantify E. coli in recreational waters requires 18-
96 hours of incubation and is known as plate-culture or membrane-filtration (MF) method [9]. 
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These cultures are widely used because they are easy and inexpensive to perform; however, 
this time-consuming method causes a potential gap between the current conditions in the 
water and the results obtained.  These delayed measurements make it difficult to prevent an 
outbreak and can endanger recreators. 
An alternative method approved by the EPA is quantitative-Polymerase Chain Reaction 
(q-PCR) [10]. In contrast to MF, this nucleic acid technique can be faster but it is more expensive 
and requires trained operators; making it impractical for isolated regions and developing 
countries. Similar DNA-based methods for bacteria detection in recreational waters have been 
reported [9]. Since the target of all detection techniques is either the whole bacteria or their 
main components, DNA based methods and specific proteins (mostly antibodies) are the basis 
of emerging technologies. Despite the variety of technologies for E. coli detection in 
recreational waters to meet water quality standards, few have demonstrated applicability in 
the field [11].  Consequently, the access to these necessary technologies for people, especially 
in developing countries, is limited.  Therefore, a fast, in situ, inexpensive and easy-to-use device 
is needed to quantify E. coli concentration in recreational waters. 
1.2 Hypothesis  
 A paper-based test with bacteriophages and tetrazolium salts can rapidly select and 
detect viable E. coli from recreational waters.  
1.2.1 Goal 
To develop a paper-based device able to capture and to detect Escherichia coli from lake 
water in less than two hours.  
1.2.2 Objectives  
1. To perform wax-printing and cutting pattering techniques to confine volume of reaction 
within paper.  
2. To design and to test colorimetric assays able to distinguish metabolic changes of E. coli 
in lake water at room temperature within one hour. 
3. To develop a methodology to capture and detect E. coli from lake water using 
bacteriophages on paper. 
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4. To add a pre-concentration step to our methodology in order to improve limit of 
detection and the feasibility for field conditions.  
1.3 Thesis organization  
Chapter 1 contains the motivation of this research project; the number of annual cases 
and deaths related to waterborne diseases in the world. It also presents some meaningful 
numbers about this matter in the Unites States. The federal standards for E. coli concentration 
in freshwaters are given and their significance is described. The current methods to quantify 
bacteria are mentioned together with the high priority to find a faster in situ method. Finally, 
the hypothesis for the current work is presented. Chapter 2 is composed of a literature review. 
Approved EPA methods to assess E. coli are presented together with alternative methods; 
advantages and disadvantages are mentioned. The use of antibodies and bacteriophages as 
molecular tools, colorimetric enzymatic reactions and DNA techniques to detect viable E. coli 
cells are also discussed. Low-cost diagnostic devices are introduced and explained through 
relevant examples. Chapter 3 introduces test zones generation methods on paper. Wax-
printing and cutting techniques, which are used in this work, are explained and justified. 
Chapter 4 presents a manuscript containing a screening to find the most adequate enzymatic 
assays to detect microcosms and fresh environmental E. coli with the lowest limit of detection 
on paper Chapter 5 introduces a complete proof of concept for this project. A colorimetric 
detection reaction dependent on metabolic stage, a physical method to immobilize T4 
bacteriophage on paper, a fast binding condition for E. coli-bacteriophage, and a pre-
concentration step are presented. Chapter 6 concludes this work; advantages, main results, 
challenges and future directions are addressed.  
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Chapter 2: Literature review  
2.1 Current E. coli detection methods approved by the EPA for recreational waters 
E. coli is widely recognized as the Fecal Indicator Bacteria (FIB) because of the high 
correlation with gastrointestinal illnesses in swimmers [1-3]. In order to quantify these fecal 
indicators, the EPA has determined the membrane filtration (MF) as the standard method [4]. 
MF is a culture-based technique to quantify viable E. coli bacteria. Environmental water 
samples are filtered through cellulose acetate membranes; bacteria are retained in the 
membrane by size exclusion principle (pore size 0.45 µm). Subsequently, the membrane is 
located on a selective mTEC agar where only E. coli colonies are grown in a color purple.  During 
incubation 5-bromo-6-chloro-3-ondolyl-β-D-glucuronide is converted into glucuronic acid by  β-
D-glucoronidase activity in E. coli [5]. The color purple is developed because of a drop in pH of 
the medium and the presence of bromcresol purple [5]. MF requires an overnight period (16-18 
hours) to quantify all E. coli cells in a water sample. However, MF is unable to distinguish 
between strains of E. coli including pathogenic ones (e.g., E. coli O157:H7).  In order to 
overcome some MF limitations such as:  time-consuming, incapable to distinguish pathogenic 
strains and unable to quantify non cultivable bacteria, the EPA has approved other methods. 
These recommended methods by the EPA include multiple tube fermentation (MTF)[4], phage 
amplification [3] and quantitative polymerase chain reaction (q-PCR) (#1611 EPA) [2]. 
MTF is a defined-medium based method which allow the color development in the tube 
according to specific particularities in the metabolism of the target strain. Some of the well-
known tests include sorbitol, lactose, Triple Sugar Iron (TSI) and ortho-Nitrophenyl-β-
galactosidase (ONPG) [6]. For instance, E. coli O157:H7 can be distinguished from non-
pathogenic strains by using MTF since they do not ferment sorbitol [7]. Despite this new level of 
selection, MTF can take from one to several days depending on the biochemical tests used and 
it is unable to quantify E. coli cells. 
 Another EPA approved method is phage amplification. This method takes advantage of 
the specific bacteriophage infection to E. coli and the virus replication inside this bacterium. 
This virus infection liberates β-galactosidase enzyme which cleaves the added enzyme substrate 
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4-methylumbelliferyl-β-D-galactosidase (MUG-Gal); the component MUG fluoresces under 366 
nm UV; this light is proportional to the amount of coliphages [8]. Therefore, the presence of 
coliphage can be used as predictor of ground-water quality [8]. Coliphages are more stable and 
are propagated further distances than E. coli; pollution in watershed can be detected with less 
effort regarding sampling locations [8]. However, this technique takes 16-24 hours [8] and is 
unable to quantify the number of E. coli in the water sample. 
q-PCR is one of the most common techniques in molecular biology laboratories. It allows 
the operators to identify several strains of E. coli and other bacteria in a couple of hours and 
quantify them with low volume of water sample.  The principle of q-PCR is that of PCR; the 
amplification of a target sequence by using a pair of 15-25 nucleotides in length ssDNA (called 
primers). These target flanking sequences hybrid regions upstream and downstream from 
gene(s) of interest. Subsequently, the addition of a polymerase enzyme and nucleotides 
multiply the number of the target sequence by the power of 2n where n is the number of cycles. 
In contrast to conventional PCR, q-PCR can quantify in real time the number of copies 
generated according to the cycle number. Even though a calibration curve is required in order 
to relate number of cycles with bacteria concentration, this technique is one of the most 
popular alternative methods approved by the EPA for E. coli detection in recreational waters 
[8]. Ninety-four percent of total water samples produced the same results with q-PCR and 
culture-based methods [9]. Likewise, 88% of Enterococcus were confirmed by both methods [9]. 
In order to target E. coli, uidA gene was amplified while the target gene for Enterococcus was 
23S rRNA in the mentioned work. The uidA gene encodes the beta-glucoronidase enzyme; 
ninety-seven percent of the E. coli isolated from water were found with this specific gene [10].  
Other bio-molecule of interest to analyze in watersheds is microcystin. It is a well-known 
bio-product of algae and hence is considered as a marker to measure algae concentrations in 
water-bodies.  Usually, excessive algae growth is related to (non-point source) NPS phosphorus 
and nitrogen pollution in surface waters [11]. PCR has successfully amplified microcystin 
synthetase gene in environmental water samples [12], demonstrating its versatility towards 
other sources of contamination in watersheds besides bacteria. 
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However, DNA based methods are not recommended per se to detect bacteria in 
recreation waters since the DNA from dead cells has been found preserved after 32 days of 
direct contact with lake water [13]. In fact, 3 week old DNA was successfully amplified by PCR 
despite no viable cells being counted [14]. Therefore, several emerging technologies have been 
reported in order to accurately detect viable bacteria in recreational waters in a short period of 
time.  
2.2 Emerging technologies for bacteria detection in recreational waters 
The need for new technologies to detect bacteria from several sources has led to the 
development of many different techniques. These emerging technologies can be classified 
according to the nature of their target. For example, nucleic acid-based technologies target 
bacterial DNA or RNA (e.g., PCR). Similarly, there are protein-receptor and enzyme-based 
methods seeking specific epitopes or enzymes of the bacterium.  
2.2.1 Nucleic acid based methods 
Nucleic acids, including DNA and RNA, are components in all types of cells. Many 
genomes have already been sequenced, including that of E. coli [15]. The sequences of genes 
are published online and can be used to detect specific strains of this microorganism. In 
addition, the gene regulation can be monitored as response towards certain environmental 
conditions.  
Nucleic acid sequence based amplification (NASBA) presents one significant 
improvement from the typical PCR: it works at isothermal conditions. The elimination of 
thermal cycles allows a faster and more practical identification of specific amplicons. NASBA 
performs a reverse transcription polymerase chain reaction (RT-PCR) amplification. This process 
occurs at a single temperature and it has been used to identify pathogens such as Listeria 
monocytogenes and Salmonella enterica [16]. Furthermore, the amplification from RT-PCR is 
performed only on those genes under current expression overcoming thus the identification of 
non-viable cells which is a typical limitation of PCR [17]. Additional coupled analyses such as 
electrochemiluminescence (ECL) have been tested with no false positives and increased 
sensitivity in the limit of detection (LOD) (40 CFU per ml) for drinking water [18]. NASBA has 
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been studied for E. coli in different water samples: tap water, treated sewage and surface 
water, reaching a LOD of 1 viable E. coli per 100 ml [19].  
Despite this large correlation between a specific gene and a particular type of bacteria, 
other nucleic acid techniques include the simultaneous detection of several genes increasing 
the sensitivity towards a specific strain or multiple strains in the same experiment. Multiplex 
PCR  has allowed the detection of 1-100 colony forming units per 100 ml of six different strains 
and genera of bacterial pathogens in marine waters [20]. The concept is the same as that of 
PCR but multiple primer-pairs are required. Although optimal conditions might be more difficult 
to find compared to regular PCR, the feasibility of the assay has been proven with simultaneous 
detection of highly pathogenic water borne bacteria such as Salmonella typhimurium, Vibrio 
cholera [21] and E. coli O157:H7 [22]. 
 Another type of multiple nucleic acid probe analyses are the microarrays. Even though 
they are not used as a regular detection system, they could assist in the quantification for 
several gene expression. Microarrays are specific ssDNA probes for multiple genes with 
integrated fluorescent molecules; after processing the sample (DNA extraction, and RT-PCR), 
the complimentary DNA (cDNA) is denatured and hybrids the microarrays probes. The 
fluorescent molecules are helpful to distinguish this interaction which reveals the activated 
genes in the sample. Microarrays have been coupled to multiplex PCR to detect E. coli O157:H7 
[23,24]. Microarrays were proven with environmental samples to identify other pathogenic 
bacteria as Listeria monocytogenes [25]. Also, these DNA-probes were reported in a biochip 
which could process the sample in the same device [26]. Because of their potential, the 
microarrays have been combined with other specific kind of techniques such as 
immunomagnetic separation to automate tests for gene expression and quantification [27].  
As mentioned, PCR is the “workhorse” of the molecular biology laboratories. Similar to 
explained techniques, PCR and its derivatives take advantage of the presence of particular 
nucleic acids in the sample. Natural biological processes in living organism such as DNA 
replication (PCR) and transcription (q-PCR and RT-PCR) are also exploited.  
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2.2.2 Receptor based methods 
Besides transcriptional level of analysis in order to accomplish bacteria detection, post-
translational level methods might add more techniques for target identification. The use of 
post-translational techniques can be feasible because all kinds of cells not only have specific 
genes turned on, but also they have a distinct set of proteins expressed. In fact, these proteins 
have specific sites (epitopes) or receptors which are used to distinguish between strains. There 
are a number of ways to detect these specific sites; however, most of them are immunoassays. 
In other words, the majority of techniques to detect target proteins involves the use of 
antibodies. Typically, antibodies are generated in mammalian immune systems as a response 
towards a pathogen infection (e.g., bacteria). The surface of parasite molecules contain several 
antigens composed of epitopes. These epitopes are recognized by B-cells which produce 
antibodies towards this specific region. These type of antibodies are known as pluripotent. 
Pluripotent antibodies might bind with low affinity to multiple epitopes therefore their 
specificity towards a very specific bacteria could be limited. Consequently, high-affinity 
antibodies (monoclonal) has been generated by using the hybridoma technology [28]. 
Essentially, they are made to bind one specific epitope [29]. This highly specific interaction 
between antibody and epitope from target cell is highly exploited for bacteria detection. These 
monoclonal antibodies (mAbs) have been used in microarray configuration in order to detect 
multiple antigens at once [30]. This demonstrates the high effectiveness of mAbs even in a 
complex mixture, which is commonly found when detecting bacteria from sources such as 
recreational waters. 
Immunoassays often rely on coupled technologies in order to easily detect these highly 
specific interactions. These coupled techniques identify the target (e.g., E. coli) directly or 
indirectly. The main examples of these coupled methodologies include fluorescence 
spectroscopy, flow cytometry, chromatography and chemiluminescence [31,32]. In fact, these 
technologies have been combined with more biological elements (nucleic acids and enzymes) 
besides antibodies to detect E. coli at low concentrations [31]. Because of the huge potential of 
antibodies, multiple disciplines have adopted their use for bacteria detection. Microfluidic 
devices have detected E.coli based on an antibody biochip system in less than 1 hour [33]. One 
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hundred of E. coli O157:H7 per milliliter were detected in 30 minutes using a similar approach 
[34]. In addition to immunoassays coupled to the mentioned traditional detection 
methodologies, antibodies have been used together with synthetic materials to allow a faster 
and easier target identification. Some examples include magneto-particles [35] and gold 
nanoparticles [32]. These works reported higher sensitivity and a shorter detection time. 
Likewise, gold nanoparticles have gained interest because the nanometer scale allows the 
particles to travel inside different kinds of cells and decreases the price of devices. 
Furthermore, gold is easily detected by inductively coupled plasma mass spectrometry (ICPMS) 
[32] hence it can be employed in a large range of applications. Negative charge on a membrane 
cell is used to separate them from a mixture when using magneto-particles. Antibodies [32,35] 
or DNA [36] probes are often linked to these synthetic particles to select target cells (e.g., E. 
coli). Even though antibodies have been largely used, they are still expensive to produce [37]. 
Consequently, alternatives are desired to obtain specificity with lower production cost.  
The use of bacteriophages instead of antibodies was demonstrated, even though the 
LOD for E. coli  was 106 CFU per ml [38]. Bacteriophages are viruses that infect only bacteria, 
they are host specific and the most abundant entities in the world [39].  Additionally they are 
cheaper and easier to produce [40], less fragile and less sensitive to environmental stresses 
such as pH and temperature changes than antibodies [41]. T4 bacteriophages have been 
reported as molecular tools for E. coli detection when they were chemically linked to a printed 
carbon electrode microarray [42]. Similarly, P22 bacteriophages were chemically linked on a 3-
aminopropyltrimethoxysilane surface and were able to bind Salmonella enterica [41].  These 
mentioned methods used NHS-EDC chemical binding in order to immobilize the bacteriophages 
on the surfaces. Bacteriophages have been used instead of antibodies in ELISA assays for E. coli 
and Salmonella spp. detection [38]. These viruses are well-known since they can produce 
libraries of peptides. This technique, known as phage display, was also used to detect E. coli and 
other pathogens on microcantilevers made of gold and titanium [43]. Another alternative to 
antibodies might be antimicrobial peptides. These peptides produced also by phage display 
successfully detected Salmonella, Listeria monocytogenes and E. coli at 107 CFU per ml.  
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2.2.3 Enzyme activity based methods 
Central metabolism plays a main role in viable bacterial cells in order to survive and 
proliferate [44]. Therefore, metabolic activity is a reasonable manner to test for viability of a 
bacterium. Tetrazolium salts are well-known compounds to study cell viability. They have been 
used in a variety of areas such as histochemistry, cell biology, biochemistry and biotechnology 
[45]. These chemical compounds are reduced by redox reactions caused by oxidoreductases 
enzymes. This type of enzymes correspond to an enzymatic classification number of one (EC1). 
The six types of enzymes are: oxidoreductases, transferases, hydrolases, lyases, isomerases and 
ligases with EC1 to EC6 respectively. Typically, the oxidoreductases are functioning when the 
cell has all its metabolic pathways working properly. This abundant type of enzymes disrupt the 
tetrazole ring of tetrazolium salts and produced insoluble colored compounds called formazans 
[45]. At the first beginning these chemical compounds were proven with these isolated 
enzymes. However, they have been used with whole cells for their detection and viability assays 
for mammalian cells [46] and bacteria such as E. coli [47]. Bacteria in recreational waters have 
been detected successfully by using tetrazolium salts. Specifically, E. coli was detected in these 
type of waters by using  (2-(4-Iodophenyl)-3-(4-Nitrophenyl)-5-(Phenyl) tetrazolium chloride) 
(INT) [48,49] and 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) [49] even though they required 
4 hours of incubation (pre-enrichment step). Despite the applicability of tetrazolium salts, they 
have not been used in the field since a broad range of bacteria could be detected. In other 
words, they lack of specificity towards a meaningful type of bacteria (i.e., E. coli). Consequently, 
specific enzymes for E. coli detection have been proposed, specifically β-D-galactosidase and β-
D-glucoronidase with pre-enrichment step [50] or without it [51] reaching a LOD of 103-104 and 
103-106 CFU per ml respectively.  
Because of the abundance and characteristic activity of enzymes, these catalytic 
proteins have been used together with the already mentioned protein-receptor based 
emerging technologies. The most well-known method of this kind is probably the enzyme-
linked immunosorbent assay (ELISA) because its simplicity and high sensitivity. ELISA was 
reported to detect the heat-labile E. coli enterotoxin by utilizing an enzyme-labeled marker 
[52]. Applicability of ELISA is unquestionable; pathogen strains as E. coli O157:H7, Yersinia 
12 
 
 
enterocolitica, Salmonella typhimurium and Listeria monocytogenes were simultaneously 
detected by using peroxidase-labeled polyclonal antibodies and mAbs [53]. The principle of 
ELISA is to capture a molecule of interest with specific antibodies; the antibody in contact with 
the molecule of interest can be conjugated to a secondary antibody. These secondary 
antibodies give high affinity to the assay since they bind other antibody. Secondary antibodies 
have an enzyme linked in the Fc region. After adding a substrate, the enzymatic activity appears 
where molecule of interest is present [54].  
2.3 Signal amplification  
Since the EPA water quality standard is equivalent to detect 235 CFU per 100 ml or 126 
CFU in the same volume when considering the geometric mean, a highly sensitive but field-
applicable detection method is needed. The most sensitive methods (DNA and antibody based) 
usually lack applicability in situ whereas simpler and portable procedures are less sensitive (e.g., 
enzymatic methods). In order to reach the water quality standard concentration, a variety of 
less sensitive methods are needed to concentrate bacteria. Two well-known methods to 
concentrate bacteria prior detection are: 1) pre-enrichment step, in which bacteria are grown in 
order to meet the LOD of the detection devices, and 2) filtration, in which a large volume of 
water sample is filtered and captured bacteria are suspended into a smaller volume. Hence, 
bacteria can be detected at meaningful concentrations (e.g., 235 CFU per 100 ml) even when 
LOD of device is higher.  
Pre-enrichment step procedure has been reported to detect bacteria on water and food 
samples. A twelve-hour pre-enrichment step has been reported for E. coli detection with a LOD 
of 103-106 CFU per ml [50]. Similarly, a twenty-hour period of enrichment step was reported to 
quantify different E. coli strains with a LOD of 102 CFU per ml [55]. The main disadvantage of 
these bacteria concentration methodologies is the required timeframe to grow the bacteria of 
interest. Although a four-hour enrichment step has been reported [56], this waiting time might 
be impractical for field testing.  
The pre-filtration principle has been used with several kinds of filters and pore sizes. 
Ultrafiltration (less than 0.45µm pore size) was used to concentrate bacteria. Although this 
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device took 2.5 hour including mechanical bacteria recovery with sonication, low efficiency 
recovery was observed at low bacteria concentration [57]. In order to overcome this low 
efficiency, other studies have used surfactants to recover bacteria from filters. However, the 
efficiency ranges from 70 to 84% [58] and 70 to 93% [59] for E. coli recovery. More recent 
approaches for the specific detection of E. coli coupled to an ultrafiltration membrane involve 
the use of bacteriophages [60] and antibodies [61,62]. 
2.3 Low cost diagnostic devices  
Cost of detection devices for recreational waters is a factor to consider when designing 
and constructing devices since most of waterborne diseases in the world are concentrated in 
developing countries. Isolated regions and developing countries often times do not have access 
to laboratory equipment therefore the detection of bacteria is more difficult in these places.  
Low cost diagnostic devices (LCD) have been mentioned as the “bridge” between the 
laboratories and the field [63]. LCD address current challenges of highly sensitive methods such 
as the high prices and the low applicability in the field. Because of the increasing LCD 
popularity, the WHO established the ASSURED criteria (affordable, sensitive, specific, user-
friendly, robust, equipment-free, and deliverable) for these devices [64]. The use of different 
terms related to LCD have also been applied to distinct areas: paper-based LCD in the medical 
diagnostics area are known as point-of-care (POC) devices [63], while point-of-need (PON) 
applies for other sectors [65]. Versatile materials such as paper have been used for these type 
of devices. Paper is the most popular material of LCD. Even though paper is well-known in 
detection methods because of pH indicators, several examples of paper-based methods have 
been reported for detection of enzymatic activity [64,66], foodborne pathogenic bacteria [67] 
and even chemotaxis of cancer cells in 3D [68]. 
Colorimetric detection was possible using specific substrates for bacterial enzymes with 
a LOD of 104 bacteria per ml in a test strip [69]. Multiple bacteria were detected on a paper strip 
format by taking advantage of these specific enzymes; a LOD of 20 CFU per ml for E. coli BL21 
was registered in 30 minutes [62] although they used antibodies. Similarly, E. coli and other 
bacteria of interest such as Salmonella spp. and Listeria monocytogenes were colorimetric 
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detected on paper by using specific substrate for each bacteria [67] even though a 12-hour 
enrichment step was needed in order to reach a meaningful LOD (10 CFU per cm2). Some non-
paper based portable devices for E. coli detection from water samples involved the use of 
microfluidics [70], antibodies [71] or both [72].  
Other reported materials used for LCD construction are polymers, metals and chemical 
compounds such as carbon dots [73], gold-carbon dots [74], and graphene oxide nano-sheets 
[75]. The use of these chemical matrices allows a higher sensitivity and a lower LOD. Similarly, 
the use of polymers has facilitated the construction of integrated devices; for example, the 
portable detector for pathogenic bacteria where DNA was analyzed with electrochemical 
detectors [76]. Some of these plastic devices have been reported in a small scale which make 
them suitable for the field; plastic micro-reactors were reported for high PCR sensitivity even in 
resource-poor settings [77]. In addition, an integrated and portable POCKET device showed 
similar LOD compared to ELISA when silver film opacity was correlated with concentration of 
analyte [78]. This same work explained its portability and feasibility towards resource-poor 
settings.  
Although these non-paper platforms have detected analytes of interest with a low LOD, 
paper is still preferred by LCD development because of its numerous benefits. Main advantages 
of paper were listed before by Carrilho et al.,: even the most expensive types are accessible to 
most of the population of the world (~$6 USD per m2), the material is thin, lightweight, 
compatible with biological samples, can be stacked, transported, stored and disposed of by 
incineration [79]. The easy transport of paper allows users to carry these platforms to isolated 
places where health services for detection of pathogens are usually not available. In other 
words, these devices have been proposed for developing countries [80] and locations with 
extreme poverty. Furthermore, some of the most complex paper-based LCD uses microfluidics, 
and they are known as µPADs [79]. As a consequence of the convenience and potential of these 
novel devices, the number of publications for LCD devices has been increasing for a decade 
according to Whitesides and co-workers [63].  
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On the other hand, the rapid development of smartphones in the last years has 
produced hundreds of mobile apps. In accordance with the LCD criteria, mobile apps increase 
the possibility to detect and analyze results of bacteria in the field. Bacteria detection apps 
have been reported: TB Mobile is an app developed for anti-tuberculosis molecules able to 
assist researchers to identify potential targets anti-tuberculosis [81], Mobile Water Kit is an app 
designed for specific enzymes of E. coli in water [82]. The use of these kind of technologies 
might be helpful to guarantee a fast and more sensitive analysis in the field. In fact, the simplest 
mobile phones are common in remote places [63] allowing the use of these apps in the field in 
a near future.  
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Chapter 3: Paper patterning test component  
3.1 Introduction 
Paper-based devices have gained interest because they are inexpensive and can be 
applied in the field performing several diagnostic procedures [1]. The number of publications 
related to paper-based devices has increased ten-fold in the last decade [2]. Despite the wide 
applicability of paper, its intrinsic physical-chemical properties make it difficult to maintain 
liquid samples inside specific paper areas. Also, lateral spreading is more favored than vertical 
spreading since paper is anisotropic [3]. This uncontrolled spreading of water samples 
complicates experiments on paper. A defined area/volume in the paper allows users to perform 
a variety of different experiments. Consequently, different treatments have as objective to 
improve control of liquids in specific paper regions. The confined volume caused by these 
treatments facilitates both speed of liquid reactions and their aspect on the paper by visual 
inspection. The most popular paper patterning techniques are printing of polydimethylsiloxane 
(PDMS) [4], silanes [5] and wax [3] together with lithography [6].  
PDMS is a well-known polymer employed to create hydrophobic barriers. Because of its 
versatility towards different kind of surfaces, it has been combined with microfluidics and soft-
lithography technologies [7]. A creative use of PDMS was reported when ink of desktop-plotters 
was replaced by PDMS and hydrophobic barriers were drawn at convenience on paper [8]. 
Another attractive characteristic of PDMS is its biocompatibility [7] therefore the employment 
of PDMS for creating hydrophobic barriers in POC devices is of great interest.  
Photolithography is other effective treatment for creating hydrophobic barriers. It 
involves the use of SU-8; this epoxy-type photoresist can pattern many kinds of paper [9] and 
multiple samples can be tested simultaneously. Even though SU-8 is inexpensive, it requires UV-
light which make it less practical than PDMS and other techniques as wax printing [11]. Wax is 
more available than SU-8 and PDMS [12]. In addition, wax-printing is the cheapest [12] and the 
fastest [9] method for pattering paper; complete 96-well plate designs have been wax-printed 
on paper within a few minutes [3].  
 Another methods used for pattering paper are: printing silanes [5], inkjet etching, 
plasma etching and cutting  [10]. However, cutting and wax-printing are the most commercially 
23 
 
 
available techniques. Cutting technique requires any instrument to cut paper in defined shapes 
(e.g., three-hole puncher making circles) while wax printing requires only a commercial printer. 
Cutting technique shapes paper before encasing it with sticky tape [13] or any other external 
support. Since the cutting technique does not involve chemical treatments, it is biocompatible 
and suitable for many kind of applications. Advantages and disadvantages for each technique 
are summarized in Table 3-1 .  
 
Table 3-1. – Main Paper patterning techniques. Advantages and disadvantages are described.  
Technique Advantage Disadvantage 
Cutting Biocompatibility  
Compatible with all aqueous solutions 
Fast preparation 
Many type of papers  
Inexpensive 
Shape is given by puncher device  
Manual construction 
Other material required (tape, etc.) [14] 
Plotting (PDMS) Biocompatibility [7] 
Drawings flexibility [8] 
Compatible with organic solvents [15] 
Can seal by itself [15] 
Requires a customized plotter  [14] 
Usually leaves residues [16] 
Photolithography (SU-8)  Many type of papers 
Inexpensive  [10] 
Can pattern paper 360µm in width [14]  
Requires UV-light  [10] 
Wax-printing  High availability  
Inexpensive  [12] 
Fast preparation [9] 
Multiple devices at once [3] 
Can pattern paper 360µm in width* 
Compatible with various pH solutions 
[3] 
Biocompatibility  [3] 
Wax spread [14] 
Ring at interface with wax  
Silanes [5] Compatible with colorimetric solutions 
Biocompatible 
Drawings flexibility  
Requires a  customized plotter 
Thicker papers require multiple 
treatments 
 
*This advantage is presented in this work.  
 
Because of the shown advantages and highlighting the more available equipment, wax-
printing and cutting methods were selected to fabricate our paper-based devices. This low cost 
platform will be used to immobilize bacteriophages as well as to bind and to detect 
environmental strains of E. coli.  
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3.2 Materials and Methods 
Whatman® filter paper type 3 was purchased from VWR (Wayne, PA). We thank to L. 
Cademartiri and co-workers from Materials Science and Engineering Department since they 
facilitated us the use of a Xerox Color Qube 8570DN™ printer used for the wax-printing 
technique. Hydrophobic zones were designed by using Inkscape™ software (Auburn, WA). A 
swingline three-hole punch was used for the cutting technique. 
3.2.1 Wax printing  
Circles of 7 mm of diameter and 1 mm of line thickness were designed with Inkscape™. 
The templates were printed once on Whatman® type 3 paper using a Xerox Color Qube 
8570DN™ wax-printer.  
Wax was melted through the paper at 85 °C for 15 minutes by placing papers in a single 
layer distributed over the surface of an Isotemp standard lab 637G oven from Fisher (Hampton, 
NH). Visual inspection was performed afterwards to verify the presence of wax on the back of 
the paper. 
3.2.2 Cutting technique 
A three-hole puncher was used to cut 6-mm diameter circles from mentioned type of 
paper. 
3.3 Results and Discussion 
3.3.1 Paper type selection 
Whatman type 3 paper is thicker (390 µm) than regular Whatman type 1 paper (180 
µm), which is commonly used for patterning techniques [9]. Contact with different aqueous 
solutions did not affect the rigidity of Whatman type 3 in contrast to Whatman type 1 which 
became watery after few minutes. Furthermore, considering the thickness of each type of 
paper, the available volume within the paper fibers of Whatman type 3 is twice that of the 
volume originated with the same design when printed in a Whatman type 1 paper. More 
available volume within the circle is preferred since larger liquid-sample volumes can be added. 
The larger the volume added, the higher the number of molecules inside the wax-cylinder 
25 
 
 
generated within the paper. These more cohesive molecules might promote more frequent 
collisions hence could accelerate the reaction.  
3.3.2 Printing on Whatman type 3 paper 
Seven milliliter circles with 1 mm of line thickness were successfully designed by using 
the Inkscape software. Black wax was printed on the paper to create the designed device. For 
thick paper the printed wax sometimes is not enough to melt it through the paper completely, 
therefore multiple layers of wax are usually printed, one over each other. This approach ensure 
to have enough wax to melt through the thick paper and create the hydrophobic channel. In 
contrast to this conventional procedure, our designs were printed only once (Figure 3-1 A). To 
print only once was more convenient because multiple prints on the same paper led to 
unaligned templates.  
3.3.3 Melting on Whatman type 3 paper 
Melting conditions were slightly different from those described by Carrilho et al. (<5 
minutes at 120 °C) for Whatman type 1 paper [3]. Temperature was lower (85 °C) but longer 
time was required to melt wax through completely (15-20 minutes).  Wax on Whatman type 3 
paper could not pass through the paper even after 5 minutes at 120 °C. On the contrary, this 
paper presented burned brown areas when exposed to more than 100 °C for more than 5 
minutes (Figure 3-1 B3). Although in some occasions, when temperature was higher than 100 
°C, the wax went through the paper, the wax lost the hydrophobicity and hence the treatment 
was unsuccessful.  
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.  
Figure 3-1 Wax printing technique in Whatman type 3 paper. Circles were wax printed once A); wax 
was melted 15 minutes at 85 °C B1); visual inspection on the back of the paper confirmed wax through 
paper B2); Liquid samples (yellow) was confined inside the fabricated channels C). Burned areas and loss 
of hydrophobicity were observed after melting wax at 100 °C B3).  
 
Five-millimeter diameter circles were obtained (loading zone) after melting wax because 
of the spreading (Figure 3-1 B1). Also, wax was observed on the other side of the printed circle; 
the construction of hydrophobic barriers was successful (Figure 3-1 B2). 
3.3.4 Aqueous liquid retention  
Different amounts of aqueous solutions were added from 5 to 20 microliters. Effective 
confinement of liquid within the circles were observed even at the highest volume added 
(Figure 3-1 C). A negative aspect of wax printing is the different aspect in color at the interface 
between the wax and the liquid added. 
3.3.4 Cutting of Whatman type 3 paper  
Six diameter circles of Whatman type 3 paper were easily obtained by the cutting 
technique. The use of a three-hole punch allowed us to cut multiple circles at once. On the 
contrary to wax printing samples, the color inside the entire loading zone and the diameter of 
the original circle did not change. These circles fitted in a 96-well plate for experiments on 
paper taking advantage of the support and the possibility of add more volume (up to 400 
microliters per well) given by the plastic 96-well plate.  
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3.4 Conclusion 
Low cost paper patterning techniques allow rapid fabrication of devices with multiple 
areas for loading a sample. Wax printing and cutting techniques are easily reproducible. Melting 
wax through Whatman type 3 paper required 15 min at 85 °C on a hot surface. Wax printing 
and cutting techniques were performed in order to create confined areas inside paper. 
3.5 References  
1. Balsam J, Ossandon M, Bruck HA, Lubensky I, Rasooly A. 2013. Low-cost technologies for medical 
diagnostics in low-resource settings. Expert Opin. Med. Diagn. 7:243–55. 
2. Kumar A a., Hennek JW, Smith BS, Kumar S, Beattie P, Jain S, Rolland JP, Stossel TP, Chunda-
Liyoka C, Whitesides GM. 2015. From the Bench to the Field in Low-Cost Diagnostics: Two Case 
Studies. Angew. Chemie Int. Ed.:n/a–n/a. 
3. Carrilho E, Martinez AW, Whitesides GM. 2009. Understanding wax printing: a simple 
micropatterning process for paper-based microfluidics. Anal. Chem. 81:7091–5. 
4. Bruzewicz DA, Reches M, Whitesides GM. 2008. Low-cost printing of poly(dimethylsiloxane) 
barriers to define microchannels in paper. Anal. Chem. 80:3387–92. 
5. Oyola-Reynoso S, Heim AP, Halbertsma-Black J, Zhao C, Tevis ID, Çınar S, Cademartiri R, Liu X, 
Bloch J-F, Thuo MM. 2015. Reprint of ‘Draw your assay: Fabrication of low-cost paper-based 
diagnostic and multi-well test zones by drawing on a paper’. Talanta. 145:73–7. 
6. Michel B, Bernard A, Bietsch A, Delamarche E, Geissler M, Juncker D, Kind H, Renault J-P, 
Rothuizen H, Schmid H, Schmidt-Winkel P, Stutz R, Wolf H. 2001. Printing meets lithography: Soft 
approaches to high-resolution patterning. IBM J. Res. Dev. 45:697–719. 
7. Thangawng AL, Swartz M a., Glucksberg MR, Ruoff RS. 2007. Bond-detach lithography: A method 
for micro/nanolithography by precision PDMS patterning. Small. 3:132–138. 
8. Lincoln T. 2008. Analytical chemistry: do-it-yourself microfluidics. Nature. 452:421. 
9. Martinez AW, Phillips ST, Whitesides GM, Carrilho E. 2010. Diagnostics for the developing world: 
microfluidic paper-based analytical devices. Anal. Chem. 82:3–10. 
10. Rivet C, Lee H, Hirsch A, Hamilton S, Lu H. 2011. Microfluidics for medical diagnostics and 
biosensors. Chem. Eng. Sci. 66:1490–1507. 
11. Zhang Y, Zuo P, Ye B-C. 2015. A low-cost and simple paper-based microfluidic device for 
simultaneous multiplex determination of different types of chemical contaminants in food. 
Biosens. Bioelectron. 68:14–19. 
28 
 
 
12. Lu R, Shi W, Jiang L, Qin J, Lin B. 2009. Rapid prototyping of paper-based microfluidics with wax 
for low-cost, portable bioassay. Electrophoresis. 30:1497–1500. 
13. Li X, Ballerini DR, Shen W. 2012. A perspective on paper-based microfluidics: Current status and 
future trends. Biomicrofluidics. 6:11301–1130113. 
14. Martinez AW, Phillips ST, Whitesides GM, Carrilho E. 2010. Diagnostics for the developing world: 
Microfluidic paper-based analytical devices. Anal. Chem. 82:3–10. 
15. McDonald JC, Whitesides GM. 2002. Poly(dimethylsiloxane) as a material for fabricating 
microfluidic devices. Acc. Chem. Res. 35:491–499. 
16. Dahiya R, Gottardi G, Laidani N. 2015. PDMS residues-free micro/macrostructures on flexible 
substrates. Microelectron. Eng. 136:57–62. 
 
 
 
 
 
 
 
 
29 
 
 
 
 
Chapter 4: Fast identification of E. coli metabolism from lake water on 
paper 
4.1 Introduction 
There is great interest in the detection of Escherichia coli in such diverse areas as 
environmental science, medical research and food processing. Both food and waterborne 
diseases have been attributed to this microorganism [1]. Pathogenic strains, such as E. coli 
O157:H7 [2] and other types of environmental strains with antibiotic resistance [3], are of 
particular importance for detection in recreational water [2]. Because of the high correlation 
with gastrointestinal infections, E. coli was established by the Environmental Protecting Agency 
(EPA)  as the water quality standard microorganism [4]. Therefore, the development of fast, 
portable and sensitive technologies for the detection of E. coli is meaningful.   
As E. coli are living microorganisms, the knowledge of their metabolism is relevant to 
design of detection devices. The central metabolism connects directly or indirectly with all 
other metabolisms. High fluxes in the central metabolism of E. coli have been reported [5]. 
Since the ultimate goal of the central metabolism is to produce energy by respiration, this 
metabolism is used frequently by microorganisms to perform biological functions. The 
metabolism is a series of complex reactions executed by enzymes to maintain the status of the 
organism. These enzymes take the available substrates and convert them into products which 
can be substrates of other enzymes. The energy production is highly related to the respiration 
process [6]. As a result, oxidoreductases enzymes are essential for the central metabolism. 
 Several chemical compounds have been synthetized in order to demonstrate 
oxidoreductases activity. These well-known chemicals are called tetrazolium salts [7]. Since 
their development, new tetrazolium salts have been reported. The first generation of 
tetrazolium salts have positive net charge which enable a cellular uptake by membrane cellular 
potential [8]. Likewise, the second generation of these chemicals has better water solubility and 
a negative net charge. As a consequence, these tetrazolium salts are impermeable to cellular 
membrane and require electron acceptors for their reduction under laboratory conditions [8].  
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In other words, intrinsic properties of cellular membrane need to be considered for 
bacteria identification with tetrazolium salts. In fact, the membrane can experience different 
effects according to their surroundings.  Environmental waters lack substantial nutrients, such 
as carbon source. Consequently, these harsh conditions affect the metabolism of all microbial 
population of the waterbody [9], including E. coli. These unfavorable conditions for E. coli have 
caused significant metabolic changes in order to allow survivability [10]. Several types of 
metabolic changes have been studied in E. coli, such as: increase of alkaline phosphatase 
activity [11], increase of periplasm [10], reduction of respiration [12,13], loss of porin proteins 
from membrane [14] and antibiotic resistance [3,15,16]. The increase of the periplasmic space 
corresponds to the increase of β-lactamases which confers antibiotic resistance [17], alkaline 
phosphatases [11], and other scavenging enzymes which allow bacteria to survive in adverse 
conditions. Because only 12% of bacteria that reside in environmental waters are involved in 
respiration [13], the principal metabolic flux is re-directed from cytosol (central metabolism) to 
the cellular membrane. Essentially, these more adapted strains of E. coli have an altered 
phenotype with a great metabolic activity in the cellular membrane to overcome osmotic 
challenges caused by the surroundings [14].  
 In contrast to bacteria performing a central metabolism, where the existence of well-
known dyes allows for colorimetric detection, no literature has reported on the detection of the 
adapted phenotype of E. coli under starvation by color, while taking into account the flux 
towards the membrane metabolism. Only a few of the second generation tetrazolium salts, 
such as 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride (INT), have been used 
to detect bacteria in groundwater [18], seawater and freshwater [13]. However these studies 
mentioned discrepancies in the identification of all viable cells [13], while low percentages (5 to 
12%) of bacteria involved in respiration were observed [18].   
The identification of the adapted E. coli phenotype in recreational waters  is considered 
high priority, especially in developing countries where most of the deaths attributed to poor 
water quality occur [19]. Therefore, the design of detection devices should be simple and 
inexpensive to be operated in low-resources places. The World Health Organization (WHO) has 
established the ASSURED (affordable, sensitive, specific, user-friendly, robust, equipment-free, 
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and deliverable) criteria for low cost diagnostic devices (LCD) [20]. Most of LCD are paper-based 
devices, as this material has such intrinsic properties as: low-cost, lightweight, biocompatible, 
can be disposed by incineration, can be staked, can be easily transported and stored [21]. Paper 
is the most convenient material to use for diagnostics in the developing world.   
The possibility of transporting these paper-based devices to the field has caused an 
increase in the number of publications related to LCD [22]. Several studies have included the 
development of colorimetric assays, as they can easily be seen on the surface of white paper 
[23]. Other studies have reported enzymatic activity [24] and metabolic markers [20,25] on 
paper. Paper-based devices for detection of pathogenic bacteria have been reported, and these 
devices are based on enzymatic activity [26]. Unfortunately, these methods of detection often 
require up to 12 hours of pre-enrichment in order to facilitate growth of E. coli for the 
detection of 103-106 CFU per ml [27]. Other LCD did not require any extra step to concentrate E. 
coli prior analysis [28]; however, antibodies were used in tandem with the paper-based device. 
It is important to note that antibodies are one of the most expensive proteins [29] which does 
not meet the recommended ASSURED criteria for LCD. Moreover, in the development of  
portable detection devices meeting these criteria, mobile apps have been reported for bacteria 
detection[30,31]. 
In this work we present two colorimetric assays able to distinguish between metabolic 
changes in E. coli collected from lake water. The color change can be analyzed on a paper-based 
device via software analysis, as well as a mobile application. These assays allow a rapid 
identification of E. coli in lake water meeting the criteria for LCD.   
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4.2 Materials and Methods 
4.2.1 Materials 
Whatman® filter paper type 3 and sodium chloride (NaCl) were purchased from VWR 
(Wayne, PA). 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT), 5-
methylphenazin-5-ium methyl sulfate (PMS) and 2-hydroxybutanedioic acid sodium (L-malic 
acid sodium salt) were purchased from Sigma (St. Louis, MO). 4-Nitrophenyl phosphate 
disodium salt hexahydrate (PNPP) was obtained from AMRESCO (Solon, OH). Potassium 
chloride (KCl), disodium hydrogen phosphate (Na2HPO4), potassium dihydrogen phosphate 
(KH2PO4), 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris base) were purchased from Fisher 
chemicals (Denver, CO). Difco Luria Bertani (LB) broth lennox® was bought from Becton-
Dickinson (BD) (Franklin Lakes, NJ).  Phosphate buffered saline (PBS) was prepared  [137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4] having a neutral pH (pH around 7.2) 
while Tris buffer 0.5 M was prepared and had an alkaline pH (pH 10).  An isolated strain of E. 
coli from Lake LaVerne (Ames, IA) was kindly provided by Dr. Michelle Soupir and co-workers.  
4.2.2 Fabrication of Paper-based devices  
Design of devices were made as mentioned in CHAPTER 3.  
4.2.3 Construction of microcosms environmental E. coli strain 
According to Ozkanca and co-workers the metabolism of an environmental E. coli strain 
can be modified to make it more similar to bacteria in lake water when the microorganism is 
stored 30 days at 4 ºC  in Filtered Autoclaved Lake Water (FALW) [33]. FALW was prepared by 
filtering lake water from Lake LaVerne (0.45 µm pore size) and autoclaving (121 °C for 15 
minutes). Fresh culture was centrifuged (8000 RPM for 5 minutes) and bacteria cells (109 CFU 
per ml) were transferred to 7 ml of the previously prepared FALW. Environmental E. coli strain 
was kept for 30 days at 4 °C. After storage the resulting E. coli cells were called microcosms. 
Final concentration of microcosms E. coli was 108 CFU per ml.  Microcosms E. coli cells were 
used for up to 10 days after preparation.  
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4.2.4 Formulation of INT/PMS reaction 
Second generation tetrazolium salt INT together with the electron acceptor PMS were 
chosen for developing colorimetric assays for bacteria detection on paper. INT has been used to  
detect aquatic bacteria before [13]. L-malate dehydrogenase is involved in central metabolism 
and is common in most bacteria including E. coli [32]. Therefore, L-malic salt was chosen as a 
potential substrate which could maintain the metabolic flux towards abundant enzymes such as 
L-malate dehydrogenase [32]. INT, PMS and L-malic salt were tested at different concentrations 
(Table 4-1) in order to produce visible color changes on paper. INT concentration range was 
selected based on its solubility in PBS. PMS concentration range was narrow since low 
concentrations were reported as optimal [8]. A larger concentration range was selected for L-
malic concentration. All these combinations were tested with 104 colony forming units (CFU) of 
an environmental strain of E. coli within each hydrophobic circle generated by wax printing. 
Blank samples (no bacteria) were also tested to prevent false positives signals. Color change 
was analyzed by visual inspection.  
Combinations showing a color change were tested with 102 CFU per paper (28.26 mm2). 
In this second round of experiments evaporation was prevented by placing paper strips inside a 
petri dish sealed with parafilm. All reactions proceeded at room temperature for 1 hour in the 
dark, as components are light sensitive. Ten microliters of bacteria solution were placed inside 
each circle in order to have the concentration desired (104 and 102 CFU per paper). Five 
microliters of each prepared combination of chemicals were added afterwards. All reactions in 
the first round (Table 4-1) were analyzed by ImageJ™ (Smart Imaging Technologies Company, 
Houston, TX) software. Similarly, reactions in the second round were analyzed with the same 
software to verify the selection of the best combination of chemicals.  All chemical 
combinations were prepared when used.  
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Table 4-1. Chemical composition of INT/PMS/L-malic assay solutions. All concentrations are millimolar 
(mM).  
# INT PMS  L-malic # INT  PMS  L-malic # INT  PMS  L-malic # INT  PMS  L-malic 
1 0.5 0 0 26 1 0.25 2.5 51 1.5 0.5 5 76 2 0.75 10 
2 0.5 0 2.5 27 1 0.25 5 52 1.5 0.5 10 77 2 1 0 
3 0.5 0 5 28 1 0.25 10 53 1.5 0.75 0 78 2 1 2.5 
4 0.5 0 10 29 1 0.5 0 54 1.5 0.75 2.5 79 2 1 5 
5 0.5 0.25 0 30 1 0.5 2.5 55 1.5 0.75 5 80 2 1 10 
6 0.5 0.25 2.5 31 1 0.5 5 56 1.5 0.75 10 81 2.5 0 0 
7 0.5 0.25 5 32 1 0.5 10 57 1.5 1 0 82 2.5 0 2.5 
8 0.5 0.25 10 33 1 0.75 0 58 1.5 1 2.5 83 2.5 0 5 
9 0.5 0.5 0 34 1 0.75 2.5 59 1.5 1 5 84 2.5 0 10 
10 0.5 0.5 2.5 35 1 0.75 5 60 1.5 1 10 85 2.5 0.25 0 
11 0.5 0.5 5 36 1 0.75 10 61 2 0 0 86 2.5 0.25 2.5 
12 0.5 0.5 10 37 1 1 0 62 2 0 2.5 87 2.5 0.25 5 
13 0.5 0.75 0 38 1 1 2.5 63 2 0 5 88 2.5 0.25 10 
14 0.5 0.75 2.5 39 1 1 5 64 2 0 10 89 2.5 0.5 0 
15 0.5 0.75 5 40 1 1 10 65 2 0.25 0 90 2.5 0.5 2.5 
16 0.5 0.75 10 41 1.5 0 0 66 2 0.25 2.5 91 2.5 0.5 5 
17 0.5 1 0 42 1.5 0 2.5 67 2 0.25 5 92 2.5 0.5 10 
18 0.5 1 2.5 43 1.5 0 5 68 2 0.25 10 93 2.5 0.75 0 
19 0.5 1 5 44 1.5 0 10 69 2 0.5 0 94 2.5 0.75 2.5 
20 0.5 1 10 45 1.5 0.25 0 70 2 0.5 2.5 95 2.5 0.75 5 
21 1 0 0 46 1.5 0.25 2.5 71 2 0.5 5 96 2.5 0.75 10 
22 1 0 2.5 47 1.5 0.25 5 72 2 0.5 10 97 2.5 1 0 
23 1 0 5 48 1.5 0.25 10 73 2 0.75 0 98 2.5 1 2.5 
24 1 0 10 49 1.5 0.5 0 74 2 0.75 2.5     
25 1 0.25 0 50 1.5 0.5 2.5 75 2 0.75 5     
 
4.2.5 Formulation of INT/PNPP reaction 
 PNPP, a well-known substrate for ALP, was tested for color change in a large range of 
concentrations together with INT (Table 4-2). INT range of concentrations was selected 
according to INT solubility in Tris buffer 0.5 M (Table 4-2). All chemical combinations were 
prepared and used fresh. Blank samples (no bacteria) were also tested to prevent false 
positives signals. All these combinations were tested with 104 colony forming units (CFU) per 
loading zone of microcosms E. coli bacteria. 
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Table 4-2. Chemical composition of INT/PNPP assay solutions. All concentrations are millimolar (mM). 
# INT PNPP # INT PNPP 
1 0 1 13 1.5 1 
2 0 5 14 1.5 5 
3 0 10 15 1.5 10 
4 0 15 16 1.5 15 
5 0 30 17 1.5 30 
6 0 45 18 1.5 45 
7 0.5 1 19 3 1 
8 0.5 5 20 3 5 
9 0.5 10 21 3 10 
10 0.5 15 22 3 15 
11 0.5 30 23 3 30 
12 0.5 45 24 3 45 
 
4.2.6 Test INT/PMS reaction with environmental E. coli strain 
  INT/PMS reaction (2.5 mM INT, 1 mM PMS) demonstrated higher color intensity on 
paper compared to other combinations tested. We challenge the selected INT/PMS assay with 
different concentrations (102 to 106 of environmental E. coli strain per paper).  We prepared 
serial dilutions from 109 CFU per ml (environmental E. coli cell culture) in order to have 
solutions with 108, 107, 106, 105 and 104 CFU per ml in PBS. We added 10 µl from these 
prepared dilutions to each loading zone (circle) of the paper-based devices. Similarly, 
microcosms E. coli were added to loading zones. 5 µl of each reaction (combination) were 
added to each loading zone to have 15 µl total volume in the paper-based device. All reactions 
proceed per 1 hour at room temperature in the dark and scanned every 5 minutes in a LiDE 110 
scanner™ (Canon, Woodridge, IL). 
4.2.7 Test INT/PNPP reaction with environmental E. coli strain 
  INT/PNPP reaction (3 mM INT, 45 mM PNPP) demonstrated higher color intensity on 
paper compared to other combinations tested. This combination was selected from Table 4-2 
based on the color analyses performed by ImageJ. We prepared serial dilutions from 108 CFU 
per ml (microcosms E. coli) in order to have solutions with 107, 106, 105 and 104 CFU per ml in 
PBS. We added 10 µl from these prepared dilutions to each loading zone (circle) of the paper-
based devices. Similar procedures were done with the environmental E. coli cells grown 
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overnight. 5 µl of each reaction (combination) were added to each loading zone to have 15 µl 
total volume in the paper-based device. All reactions proceeded per 1 hour at room 
temperature in the dark and scanned afterwards using a LiDE 110 scanner™ (Canon, 
Woodridge, IL).   
4.2.8 Calibration curves generation  
 Fresh and microcosms E. coli  stock solutions were diluted to produce 50, 102, 5 x 102, 
103, 5 x 103, 104, 5 x 104, 105 and 106 CFU per paper (10 µl were added to paper). Bacteria were 
counted by OD600 measurements using a SpectraMax M3® spectrometer (Molecular Devices 
manufacturer, Sunnyvale, CA) and number was confirmed the next day by culture plate 
technique. Environmental E. coli bacteria were tested with INT/PMS reaction #97 (Table 4-1). 
Color was analyzed every 5 minutes. Microcosms E. coli bacteria were tested with INT/PNPP 
reaction #24 (Table 4-2). Color could not be analyzed every 5 minutes since light from scanner 
made INT/PNPP blank samples react.  
4.2.9 Color analyses using a smartphone  
Color Analyzer App™ was used to measure the color intensity from calibration curves. 
The experiments were performed independently from the calibration curve generation 
experiments. The smartphone was place 30 centimeters from the paper with samples with 90 
degrees of inclination. A black printed color was placed next to the paper strips and analyzed to 
normalize light conditions. We divided color intensity of sample over value of color intensity of 
printed black color next to sample. Samples with Environmental E. coli (INT/PMS assay) were 
analyzed by using the green channel while samples with microcosms E. coli (INT/PNPP assay) 
were analyzed by using the blue channel.  
4.2.10 Computational analyses 
 ImageJ™ (Smart Imaging Technologies Company, Houston, TX) software was used to 
analyze samples developing color from Table 4-1 in the green channel. All combinations from 
Table 4-2 were analyzed in the blue channel with the same software. Combination #97 INT/PMS 
(Table 4-1) and combination #24 INT/PNPP (Table 4-2) with environmental fresh and 
microcosms E. coli cells together with the calibration curves were analyzed by using the same 
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software. After testing for normal distribution, statistical analyses (T-test) with a level of 
significance of 0.05 were performed for all samples analyzed with ImageJ. Microarray profile 
package of ImageJ was used to analyze samples [20]. ImageJ results (mean values) were high 
when the color intensity was low. Therefore, color intensity was calculated by taking the 
inverse of the mean value of ImageJ and multiplying the result by one hundred.  
4.3 Results and Discussion 
4.3.1 Generation of INT/PMS assay 
High concentrations of L-malic did not develop color change. In fact, visual inspection 
and ImageJ analyses revealed that L-malic was not needed in reactions developing color change 
(Table 4-3). Fast identification by visual inspection corresponded to the top seven combinations 
according to ImageJ analyses (Dark brown-yellow samples in Table 4-3). Combinations in Table 
4-1 had slightly different drying conditions since they were in distinct areas of scanner. 
Consequently, the color change analyses showed higher color intensities when samples had 
higher water content. A second round of experiments was performed where drying conditions 
were controlled, as evaporation was prevented. The second round of experiments was 
performed on samples developing any level of color change (dark brown-green color range in 
Table 4-3) and those with similar concentrations to the top color change combinations (blue 
color in Table 4-3) that exhibited any level of color change. Water content was visible on paper 
after 24 hours for the second round of experiments.  
The highest color intensity for the INT/PMS assay was reaction #97 from Table 4-1 (2.5 
mM INT, 1 mM PMS no-L malic). This reaction was distinguished by eye and confirmed by 
ImageJ analyses. This reaction corresponded in both rounds of experiments even with different 
amount of cells: 104 and 102 CFU per paper respectively (Figure 4-1). As a result, water influence 
and cell number did not affect the reaction chosen (#97; 5 mM INT, 1 mM PMS no-L malic) as 
can be observed in Figure 4-1B. In order to ensure proper color development, the INT/PMS 
assay required dark storage conditions. Appropriate color analysis should be done when 
samples are completely dry in order to obtain statistical significance. 
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In contrast to this high-concentration INT/PMS reaction developing the highest color 
intensity, the second most color-intense reaction had the lowest concentration of INT and PMS 
tested: 0.5 mM INT, 0.25 mM PMS (superior right region of Table 4-3). Interestingly, this and 
other low INT/PMS combinations with L-malic developed some color change (yellow color in 
Table 4-3). Lowest L-malic concentration tested (2.5 mM), lowest INT (0.5 mM) and PMS from 
lowest (0.25 mM) to highest (1 mM) developed some color change (Table 4-3). Based on these 
observations we might imply that central metabolism could be favored under low INT/PMS 
concentrations although the highest INT/PMS concentrations developed the most intense color 
change. Color development was possible when PMS was present in the reaction as predicted by 
previous studies [8].  
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Table 4-3. Fast identification of colorimetric reactions developing color change. Increasing concentrations of 
L-malic (left to right) was tested with two gradients of INT and PMS concentrations (top to bottom).Dark 
brown color; the highest color change sample. Brown color; second highest color change. Orange color; very 
high color intensity. Light orange color; high color intensity. Yellow color; medium color intensity. Green 
color; barely color change. Blue color; these were tried in a second round experiments preventing 
evaporation. None of these developed color change in both conditions (allowing evaporation and preventing 
it). White color; these did not develop color change and were tested only in the first round. Compare to 
Table 4-1 the # combinations are placed by row (i.e., first row has #1-#4, second row has #5-#8, etc.).   
 
     Second row corresponded to combinations #5-8 from Table 4-1: a decrease in color intensity can be observed 
as L-malic concentration increases. *.Color intensity in dark brown combination (highest color intensity) was 
significantly different (p<0.05) to next highest color change combination (#5 from Table 4-1). 1 mM INT 2.5 mM 
PMS produced the highest color intensity.  
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Figure 4-1. – INT/PMS assay selection and confirmation. A) 98 reactions were left until dry (1 hour). Papers had 
104 CFU. B) Selected reactions (colored in Table 4-3) were kept wet for 1 hour before color analyses. Papers had 
102 CFU per paper. No matter the drying condition or the amount of cells used the best reaction for INT/PMS assay 
was 2.5 mM INT and 1 mM PMS (reaction #97 from Table 4-1). Green channel (RGB) was used. Mean and standard 
deviations were plotted for A (n=5) and B (n=10). *This reaction was statistically different to the rest (p<0.05).  
Environmental E. coli bacteria were newly cultured when tested. Although central 
metabolism was predicted to be mainly involved in these active cells, our results did not 
show a preference towards the completion of the tricarboxylic acid (TCA) cycle; l-malate 
did not develop color change in our paper-based devices. A significant color change 
(p<0.05) was observed at high concentrations of INT (2.5 mM) and PMS (1mM) without L-
malic. Additional oxidoreductases should be more active or in higher abundance in these 
fresh E. coli bacteria than L-malate dehydrogenases or other downstream enzymes.  
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Other oxidoreductases enzymes found in E. coli  are the transmembranal 
cytochrome bd respiratory oxygen reductases [34]. It is important to note that cytochrome 
oxidase I and II were found as the major terminal oxidases in a wild type E. coli. This same 
study mentioned Adenosine triphosphate (ATP) synthesis by substrate level 
phosphorylation [35]; essentially energy can be produced without the central metabolism. 
Furthermore, an increase in cytochrome oxidases activity has been related to nitric oxide 
intoxication of E. coli [36]; nitric oxide cannot be processed by any reductase pathway 
which results toxic for the bacteria [37]. Similarly, this toxic effect in bacteria has been 
observed by saturation of reductases pathways with high concentrations (3 mM) of 
tetrazolium salts [38] including INT [39].  Therefore, our found reaction could be reduced 
by enzymes from the cytochrome system as a consequence of toxicity in E. coli rather than 
be reduced by enzymes from the central metabolism. In addition, PMS has induced the 
expression of ~80 proteins of the soxR locus which are involved in protecting E. coli bacteria 
from toxicity [40]. High concentrations of INT (2.5 mM) together with PMS (1 mM) could 
induce the expression of oxidoreductases involved in detoxification processes such as 
those in the cytochrome bd.  
4.3.2 Generation of INT/PNPP assay 
INT/PNPP assay was developed to identify metabolic changes in E. coli from lake water. 
The highest color change (Figure 4-2) corresponded to the highest concentrations of INT and 
PNPP (Table 4-2). One hour at room temperature was required to dry reactions before analysis 
with ImageJ.  INT had more solubility in Tris buffer (pH 10) than in PBS buffer (pH 7); ionic 
strength of PBS is higher than TRIS buffer which might affect solubility. However, higher 
concentrations of 3 mM INT produced false positives in blank samples in contrast to INT/PMS 
assay where no false positives were detected. In order to obtain more reliable results in the 
selection of the most appropriate ratio of the INT/PNPP assay, the difference between color 
intensities of samples (with 104 CFU per paper of microcosms E. coli) and blank samples (no 
bacteria) was calculated for each combination (Figure 4-3).  
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Figure 4-2. INT/PNPP assay screening selection.  Different concentrations of INT: Black circles (0 mM INT), open 
squares (0.5 mM INT), black squares (1.5 mM INT) and open circles (3 mM INT), were tested with PNPP gradient of 
concentration. Blue channel for analyses (RGB) was used. Mean and standard deviations are shown (n=5). *3 mM 
INT concentrations were significantly different to blank samples and other INT concentrations.  
 
 
Figure 4-3. INT/PNPP assay selection.  Different concentrations of INT: 0, 0.5, 1.5 and 3 mM INT (lightest to 
darkest) were tested with PNPP gradient of concentration. Difference in color intensity was obtained between 
samples with bacteria and blanks. Blue channel for analyses (RGB) was used. Mean and standard deviations are 
shown (n=5). X-axis spacing does not correspond to PNPP concentration. 
Fifteen millimolar PNPP showed low color intensities in all INT concentrations (Figure 
4-2 and Figure 4-3). However, higher (30 and 45 mM PNPP) or lower (5 and 10 mM PNPP) 
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concentrations produced more intense color changes. Similar S-shape behavior has been 
observed in ALP activity fed with different concentrations of PNPP in other kind of gram-
negative bacteria [41] although isolated enzyme showed a Michaelis-Menten kinetics [42]. 
Difference in ALP kinetics have been reported when the enzyme was isolated [42,43] or in 
presence of cytosol components [44]. Despite this difference in the kinetics, ALP behaved under 
Michaelis-Menten kinetics in a crude extract at low PNPP concentrations (<10 mM) [43]. 
Similarly, our paper-based devices demonstrated this linear behavior when PNPP concentration 
was equal or lower than 10 mM at 0, 0.5 and 1.5 mM INT concentrations (Figure 4-2). The 
highest concentration of INT (3 mM) could be toxic for bacteria [39] therefore ALP kinetics 
might be affected by natural detoxification processes.  
We found an INT/PNPP assay at an alkaline pH (pH 10) able to detect significantly 
(p<0.05) 104 CFU per paper microcosms E. coli bacteria within 1 hour at room temperature. 
Similar detoxification enzymes to INT/PMS assay, together with the ALP enzyme could be 
responsible of this color change. Furthermore, the increase of periplasm in E. coli under 
starvation [10] (e.g., microcosms E. coli) could be explained by the presence of periplasmic ALP 
[45] and other periplasmic enzymes such as periplasmic nitrate reductases (NapABC)[46] which 
have been found in E. coli under anaerobic conditions (i.e., low respiration rates). These 
periplasmic reductases showed optimal activity at pH 10 when extracted from bacteria in fresh 
water [47]. Our results agreed with available data and most importantly enabled us to identify 
E. coli under lake water conditions in a paper-based device rapidly.  
4.3.3 Effect of INT/PMS and INT/PNPP assays on different E. coli phenotypes  
INT/PMS and INT/PNPP were optimized with fresh environmental E. coli and their 
microcosm form respectively. Since, the reduction of these assays is dependent on the 
particular metabolism of the bacteria and all E. coli detection is desired, the assays were tested 
with both type of bacteria. Suitability of INT/PMS assay for microcosms E. coli bacteria was 
evaluated with 102 to 106 CFU per paper; however, assay reduction was favored by fresh 
environmental E. coli compared to microcosms. Besides fresh E. coli produced higher color 
intensity values than microcosms, a more uniform linear correlation was observed for fresh E. 
coli bacteria (Figure 4-4A). Even though this assay was applied to whole cells which usually do 
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not present these kinetics [41], a linear kinetics behavior was captured from the bacteria. The 
involvement of numerous enzymes, since the bacteria are metabolically active, might play a 
role for this well-distributed kinetics.  
On the other hand, INT/PNPP was better reduced by microcosms E. coli cells. In contrast 
to INT/PMS assay where both type of cells developed some level of color change, the INT/PNPP 
assay was preferred almost exclusively by microcosms E. coli bacteria (Figure 4-4B). This assay 
did not show a linear behavior at higher amount of the two type of bacteria; the overexpression 
of only some scavenging enzymes in microcosms bacteria might impede to detect a linear 
relationship between amount of cells and color intensity. INT/PNPP assay was more capable to 
identify the particular metabolism of microcosms E. coli bacteria by color change.  
 
Figure 4-4. Color identification of E. coli metabolisms by assays. A) INT/PMS assay. B) INT/PNPP assay. Fresh 
environmental strain (squares) and Microcosms E. coli (circles) were identified by the color change with INT/PMS 
and INT/PNPP assays accordingly. Green channel for INT/PMS analyses (RGB) was used. Blue channel for INT/PNPP 
analyses (RGB) was used. Mean and standard deviations are shown (n=5). 
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E. coli in lake waters would probably be in a dormant state similar to microcosm E. coli 
[12] but some E. coli strains involved in respiration must be detected as well. The metabolic 
state of these microorganisms depends on how long they have resided in the lake water. The 
suitability of the generated assays towards a specific metabolic state of the bacteria and the 
simple identification within 1 hour at room temperature make of these assays practical 
alternatives to identify E. coli from lake water on paper. Since other bacteria of interest could 
be affected by starvation conditions in lake water, INT/PNPP assay might be a good alternative 
to detect them.   
4.3.4 Calibration curves  
Calibration curves were constructed for both assays with fresh environmental E. coli 
(INT/PMS) and microcosms E. coli (INT/PNPP). Calibration curves for both type of cells 
presented low standard deviations and a LOD 104 CFU (p<0.05) (Figure 4-5). Therefore, at least 
this amount of E. coli independently of their metabolic state could be detected by color change 
on paper within 1 hour at room temperature. INT/PMS assay exhibited a more linear calibration 
curve within the range 500-106 CFU per paper (Figure 4-5A) while range 500 to 5x103 CFU 
developed a similar color intensity on paper. 104 to 106 CFU of environmental E. coli caused a 
higher slope in the curve; concentrations in between could be detected even by the naked eye 
of unexperienced operators. Similarly, INT/PNPP assay showed a well-defined calibration curve 
(Figure 4-5B); 104 to 106 CFU of microcosms E. coli per paper developed a higher slope 
compared to lower concentrations. Particular metabolic processes could be better captured on 
paper at higher concentrations of microcosms E. coli. 
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Figure 4-5. - Calibration curves for INT/PMS and INT/PNPP assays on paper. A) INT/PMS assay with fresh 
environmental E. coli. Green channel for analyses (RGB) was used. B) INT/PNPP assay with microcosms E. coli. Blue 
channel for analyses (RGB) was used. Mean and standard deviations are shown (n=6). *Color intensity from 104 
CFU per paper for both assays was significantly different (p<0.05) from blank samples.   
4.3.5 Color analyses using a smartphone 
Computational software for color analyses such as ImageJ might be impractical in the 
field. LCD should not only be easy to use and portable, but also they should give accurate 
results in situ. This fast color analyses tool allowed us to measure color intensity at earlier 
times. We observed the same effect with the Color Analyzer and ImageJ; the water content 
affected the color intensity values. The reaction INT/PMS assay produced a color change within 
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10 minutes (Figure 4-6); however, at time 30 minutes the color intensity values were smaller. 
Water content in the papers produced higher color intensity values simply because the natural 
light absorption by the water molecules. The reaction was completely dried after 60 minutes 
and full color development was achieved. The trend for color intensity was the same at all times 
(Figure 4-6). However, these results did not show statistical significance at lower concentrations 
than 5x104 CFU per paper.     
 
Figure 4-6. Water content effect on paper with INT/PMS assay.  Time 10 min (circles) showed higher color 
intensities than time 30 min (squares). Water played a role in color intensity values when samples were wet. Green 
channel for analyses (RGB) was used. Mean and standard deviations are shown (n=4). 
Color Analyzer App allowed us to construct new calibration curves for both assays. 
These curves were analyzed after the samples were completely dry. A linear increase of color 
intensity was observed with both assays, especially INT/PMS assay (Figure 4-7), although 
statistical analyses did not show difference for low concentrations (<5x104 CFU per paper). 
Color intensity values from samples with lower concentration than 104 were similar than color 
intensity from negative control (no bacteria).  The color analysis by using smartphones is more 
practical and easy to perform but according to our results color intensity values lacked of 
consistency. Type and abundance of light, inclination and distance of smartphone respect to 
samples to measure and the exact spot in paper analyzed by App are sources of variability.  
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Figure 4-7. Calibration curves generated with Mobile App data for colorimetric assays on paper. INT/PMS assay 
with fresh environmental E. coli (black triangles). Green channel for analyses (RGB) was used. INT/PNPP assay with 
microcosms E. coli (black circles). These curves were generated with dried samples (60 min of reaction).Blue 
channel for analyses (RGB) was used. Mean and standard deviations are shown (n=4).  
Calibration curves for INT/PMS and INT/PNPP assays with mobile App were generated. 
The use of this kind of mobile Apps could allow a faster identification of color changes produced 
by detection devices. Mobile Apps development could overcome challenges in the field such as 
light and water content conditions to reduce variability and to obtain more reliable readouts.  
4.4 Conclusion 
Two colorimetric assays were fabricated to detect E. coli on paper; INT/PMS assay (2.5 
mM INT and 1 mM PMS in PBS buffer) and INT/PNPP assay (3 mM INT and 45 mM PNPP in Tris 
0.5 M buffer). Particular metabolic state of E. coli in lake water was distinguished by the 
INT/PNPP assay on paper. Metabolically active environmental E. coli detection on paper was 
achieved only with the INT/PMS assay. Both fabricated assays had a similar LOD (104 CFU per 
paper) with no extra bacteria concentration steps. Statistical validation was made for this LOD. 
Colorimetric assays required 1 hour at room temperature before a reliable color analyses could 
be made (ImageJ or Color Analyzer App). Light from scanner and other sources interfered with 
wet samples of INT/PNPP assay. Water content affected color analyses although color change 
could be detected within the first 10 minutes. Color analyses could be done by using a 
commercial smartphone.  
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5.1 Abstract     
Aims: The aim of this study was to combine low-cost paper, highly specific bacteriophage, and 
colorimetric detection of common intracellular enzymes in a proof-of-principle biosensor for 
the detection of environmental Escherichia coli in different metabolic states in lake water. 
Methods and Results: We immobilized T4 bacteriophages on filter paper which bound E. coli 
from lake water. The binding of E. coli was detected colorimetrically with tetrazolium salts and 
nitrophenyl phosphate for oxidoreductases and for alkaline phosphates activities, respectively. 
We detected 104 colony forming units of E. coli per paper in less than 90 minutes. The assays 
distinguished between metabolically active and inactive E. coli with the first reacting at pH 7 
and the later at pH 10.  
Conclusion: We achieved rapid visual detection of whole cell E. coli and determined their 
metabolic state on a low-cost solid substrate by combining the specificity of bacteriophage-
bacteria host interactions with the ease of performing colorimetric assays for common 
intracellular enzymes.  
Significance and Impact of the Study: While water quality monitoring using laboratory-based 
methods to protect public health is well-established, simple and cost-effective field-tests for 
bacteria are still needed. The reported rapid technology serves as proof-of-principle for the 
field-based detection of bacteria in water.  
Keywords 
Bacteriophage, Detection, E. coli, Rapid methods, Water  
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5.2 Introduction  
Harmful microorganisms are the leading cause of impairments in the 300,000 miles of 
rivers and shorelines and 5 million acres of lakes that do not meet U.S. water quality standards 
[1]. Waterborne disease outbreaks are estimated to be responsible for 900,000 illnesses and 
900 deaths per year in the United States [2]. Worldwide about 500,000 deaths occurred in 2012 
due to diarrhea associated with inadequate drinking water [3]. In recreational waters in the 
United States the acceptable 30-day geometric mean limit of E. coli is 126 bacteria in 100 ml of 
water [4] and the limit for drinking water is < 1 colony forming units (CFU) per liter [5]. 
Standard testing methods for bacteria in water rely on laboratory-based methods, such 
as culturing and counting or quantitative polymerase chain reaction (qPCR). Culture-based 
methods require one or more days to yield results [6], while qPCR can produce results in as 
little as two hours [7]. Testing methods under development for the detection of bacteria in 
water or other areas of interest include those with colorimetric read-out of the presence of 
bacteria. Colorimetric methods include both laboratory-based methods such as flow cytometry 
[8,9] and potentially field-applicable methods such as enzyme-linked immunoassay assays. Park 
et al. [10] described an enzyme-linked immunoassay assays able to detect 9.2 x 106 CFU ml-1 to 
9.2 x 103 CFU ml-1 Salmonella in water in 20 minutes using a lateral flow device which required 
multiple solutions and flow directions.  
The detection of bacteria-specific intracellular enzymes by colorimetric substrates has 
received interest, since it allows the detection of specific bacteria in mixed cultures. For 
example, Hossain et al. [11] used a lateral flow device and two intracellular enzymes (β-
glucuronidase and β-galactosidase) and their substrates to colorimetrically detect E. coli on 
paper. After lysis of the bacteria to release the intracellular enzymes they achieved a limit-of-
detection of 20 CFU ml-1. Derda et al. [12] also used β-galactosidase and its substrate to 
colorimetrically detect E. coli in water, orange juice and skim milk after filtration and interaction 
with bacteriophages, while Brunham et al. [13] used β-galactosidase to detect E. coli on paper. 
Jokerst et al. [14] employed different bacteria-specific intracellular enzymes and their 
substrates to distinguish between E. coli (β-galactosidase), Listeria (phosphatidylinositol-specific 
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phospholipase C) and Salmonella (esterase). In general, the above assays required bacteria lysis 
to release the intracellular enzymes.  
Instead of using bacteria-specific intracellular enzymes, non-specific enzymes, which are 
often present in higher numbers inside a bacterium, can be used, if they are combined with the 
isolation of specific bacteria from mixed bacterial cultures. Common, non-specific enzymes 
include dehydrogenases, reductases and alkaline phosphatases. Dehydrogenases and 
reductases, which are often involved in bacterial metabolism, can react with tetrazolium salts 
to form colored formazans. For examples, viable bacteria in solution with concentrations of 107 
to 109 CFU ml-1 have been detected with tetrazolium salts in 8 to 24 hours [15–21]. Alkaline 
phosphatases, which can be overexpressed in starving E. coli [22], react with a 4-nitrophenyl-
phosphate (PNPP) to form a yellow product (p-nitrophenol).  
Employing non-specific enzymes for the detection of bacteria requires the isolation of 
the bacteria of interest from mixed bacteria cultures. This isolation can, for example, be 
achieved by immobilizing the bacteria of interest on a surface followed by removal of the mixed 
culture solution [23,24]. Specific immobilization of bacteria is possible with antibodies [25,26] 
or bacteriophages [27–29]. Bacteriophages, which are viruses for bacteria, are easily produced 
and tunable in their host range [30,31]. For example, the well-studied T4 bacteriophage 
infected 43 of 72 E. coli strains tested making them versatile for capturing coliforms [32]. T4 
bacteriophages have been immobilized on different surfaces including paper [33–35], glass [29], 
and gold [27] while retaining their ability to capture and infect bacteria.  
In this study we combined the low-cost and availability of paper [36] and the specificity 
of T4 bacteriophages towards coliforms [32] in a simple and rapid detection platform for whole 
cell E. coli. To our knowledge this is the first detection scheme using bacteriophage and 
intracellular enzymatic assays that does not require the lysis of the bacteria before detection. 
Not requiring lysis reduces the chemicals and/or time needed for analysis, and retains them 
inside the bacteria. Our goals were to understand the ability of bacteriophages to adhere to 
paper and to bind E. coli when immobilized; and to design colorimetric assays for common 
intracellular enzymes on paper that showed strong color changes in less than an hour. Combing 
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low-cost with ease-of-use and applicability to a range of bacteria in water in a single detection 
platform could change how we perform field-based water-quality testing.   
5.3 Materials and Methods 
We immobilized T4 bacteriophages on Whatman grade 3 filter paper by physical 
adsorption, which proved sufficient to retain most bacteriophages on the paper under assay 
conditions. E. coli bound to the bacteriophages on the filter paper which could be detected by 
color changes due to tetrazolium and nitrophenyl phosphate salt reactions with intracellular 
enzymes. If needed, the number of E. coli in solutions was increased by filtration and dispersion 
of the retained bacteria in a smaller volume of liquid.  
5.3.1 Buffers 
Phosphate buffered saline (PBS) at pH 7 contained 137 mmol l-1 sodium chloride (NaCl) 
(VWR, Wayne, PA, USA), 2.7 mmol l-1 potassium chloride (KCl) (Fisher chemicals, Denver, CO, 
USA), 10 mmol l-1 Na2HPO4 (Fisher chemicals) and 2 mmol l-1 KH2PO4 (Fisher chemicals), while 
0.5 mol l-1 TRIS base (Fisher chemicals) was used to prepare Tris-buffer at pH 10. Both of these 
buffers were used for the colorimetric assays. For isolation, storage and immobilization of the 
T4 bacteriophages we used lambda buffer containing 100 mmol l-1 NaCl, 16.6 mmol l-1 MgSO4 
(Fisher chemicals), 50 mmol l-1 Tris-HCl buffer (pH 7.5) (VWR) and 0.01 g l-1 (w/v) gelatin 
(AMRESCO, Solon, OH, USA). We blocked the papers with 1 g l-1 (w/v) bovine serum albumin 
powder (BSA) (Sigma-Aldrich, St. Louis, MO, USA) in PBS buffer. All buffers were prepared in 
nanopure water.  
5.3.2 Bacteria and phage cultures 
Environmental E. coli were isolated from lake water (Lake LaVerne, Ames IA) by plating 
the lake water on mTEC agar (Becton-Dickinson BD, Franklin Lakes, NJ). After isolation bacteria 
were grown and maintained in LB broth (Becton-Dickinson BD). Bacteria counts were 
determined by spread-plate counting and OD600 measurements using a SpectraMax M3® 
spectrometer (Molecular Devices manufacturer, Sunnyvale, CA). T4 bacteriophage (ATCC# 
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11303-B4) (American Type Culture Collection, Manassas, VA) were propagated in E. coli K12 
(ATCC# 11303) and quantified using an overlay technique [32]. Metabolically inactive 
(microcosm) E. coli were prepared by storing environmental E. coli in filtered autoclaved lake 
water at concentrations of 109 CFU ml-1 for 30 days at 4 ºC [37]. 
5.3.3 Colorimetric assays on paper 
 All assays were performed on Whatman grade 3 filter papers (VWR, Wayne, PA). We 
printed circular hydrophobic barriers with a diameter of 5 mm using a Xerox Color Qube 
8570DN™ (Norwalk, CT) wax printer [38]. The barriers were molten through the thickness of the 
paper by placing the paper for 5-8 minutes at 85 °C. INT/PMS/L-malate assay. We dissolved 
different concentrations of iodophenyl-nitrophenyl-phenyl-tetrazolium chloride (INT) (Sigma-
Aldrich) and 5-methylphenazin-5-ium methyl sulfate (PMS) (Sigma-Aldrich) in phosphate 
buffered saline (PBS) solution at pH 7 (Table 5-1). We added different amounts of L-malic acid 
(L-malate) (Sigma-Aldrich) to INT/PMS mixtures to improve the color intensity of the assay 
(Table 5-1). PNPP/INT. We dissolved different concentrations of 4-nitrophenyl phosphate 
(PNPP) (AMRESCO) in Tris-buffer at pH 10 (Table 5-2). We added INT to the PNPP solutions to 
change the developed color from yellow to purple (Table 5-2). All assays were prepared fresh. 
 Determining the best concentrations for the assays. We added metabolically active 
(INT/PMS/L-malate assay) or metabolically inactive (INT/PNPP assay) E. coli at concentrations of 
107 CFU per paper to each Whatman grade 3 filter paper with 38.5 mm2 surface area, followed 
by 5 µl of the respective assay solution and reacted the mixture at room temperature for up to 
60 minutes in the dark. The color was analyzed by scanning the papers on a LiDE 110 scanner™ 
(Canon, Woodridge, IL), followed by digital analysis with ImageJ™  (Smart Imaging Technologies 
Company, Houston, TX) [39]. We performed eight replicates for each combination of 
components at each concentration.  
Determining the limits-of-detection and sensitivity to the metabolic state of the E. coli of 
the assays. To determine the limits-of-detection for the assays on paper we first added 103-107 
CFU of metabolically inactive or active E. coli to each paper followed by the addition of either 
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1.64 mmol l-1 INT, 0.27 mmol l-1 PMS and 3.2 mmol l-1 L-malic salt in PBS at pH 7, or 45 mmol l-1 
PNPP and 3.28 mmol l-1 INT in Tris-buffer at pH 10. We reacted these assays at room 
temperature for up to 60 minutes in the dark. We performed four to eight replicates for each 
combination.  
Table 5-1 Concentrations of assay components tested for metabolically active 
environmental E. coli on filter paper. For each assay the concentrations of each reactant 
were mixed with all concentrations of the other reactants. INT: iodophenyl-nitrophenyl-
phenyl-tetrazolium chloride; PMS: 5-methylphenazin-5-ium methyl sulfate; L-malate: L-
malic acid. 
Assay INT 
(mmol l-1) 
PMS 
(mmol l-1) 
L-malate 
(mmol l-1) 
INT/PMS           0             0 0 
 0·33 0·14 0 
 0·82 0·27 0 
 1·32 3·26 0 
 1·64 6·53 0 
INT/PMS/L-malate 0·82 0·27 0 
 1·32  3·20 
 1·64  6·40 
   9·60 
              12·80 
 
Table 5-2. Concentrations of assay components tested 
for metabolically inactive Microcosms E. coli on filter 
paper. For each assay the concentrations of each 
reactant were mixed with all concentrations of the 
other reactants. PNPP: 4-nitrophenyl phosphate 
disodium salt hexahydrate; INT: iodophenyl-
nitrophenyl-phenyl-tetrazolium chloride. 
Assay          PNPP 
(mmol l-1) 
INT 
(mmol l-1) 
PNPP             0 0 
   2·24 0 
 22·45 0 
 45·00 0 
         112·00 0 
INT/PNPP   1·12      0·82 
   5·60      1·64 
 11·23      3·28 
 22·45  
 45·00  
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5.3.4 Adsorption of bacteriophage on paper 
 Single 7 mm diameter circles of Whatman grade 3 filter paper were placed vertically 
inside the wells of a 96-well plate (Fisher chemicals), and 200 µl of T4 bacteriophage (8 x 1010 
PFU ml-1) in lambda buffer were added to each well completely covering the paper on both 
sides. The 96-well plates were stored at room temperature in the dark. After 15, and 40 
minutes, and 8, 24, 48 and 72 hours of incubation 10 µl samples from the phage solution were 
taken and plated to determine their concentration. Bacteriophage solution was also placed in 
empty wells and samples were taken at the same time points and volume as above. The 
number of T4 bacteriophages inside a paper or plaque forming units (PFU) per paper were 
calculated by using the following relationship: (# PFU ml-1 for a well without paper) – (# PFU ml-1 
for a well with paper) = # PFU per paper. To test the stability of the adsorbed bacteriophage to 
the liquids encountered during analysis we added 100 µl of PBS buffer to each paper in the 96-
well plate and removed the solution by inverting the plate. We performed eight replicates for 
each test. 
5.3.5 Binding of E. coli to T4 bacteriophages followed by the detection of the bound bacteria 
After adsorption of the T4 bacteriophage we placed the papers horizontally in each well 
and added 200 µl of 1 g l-1 (w/v) bovine serum albumin (BSA) incubating for 1 hour at room 
temperature to block unused sites on the paper. The blocking solution was removed followed 
by two washes with 100 µl of PBS buffer. 10 µl of metabolically active or inactive environmental 
E. coli were added to each paper (103 – 107 CFU). Immediately the entire 96-well plate was 
placed at 37 ºC and 300 RPM for 5 minutes. Following the binding of E. coli by T4 bacteriophage 
the papers were covered with 100 µl of PBS buffer which was removed immediately. After four 
exposures to PBS we added INT/PNPP at pH 10 for metabolically inactive E. coli and INT/PMS/L-
malate at pH 7 for metabolically active E. coli. We developed the color for 30 minutes at room 
temperature in the dark. Similarly, a paper with bacteriophage was covered with 100 µl of 
metabolically active environmental E. coli (107 CFU), and incubated at 37 ºC and 300 RPM for 5 
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minutes followed by four exposures to PBS. We added INT/PMS/L-malate to these papers and 
scanned the color after 60 minutes. All papers were scanned and analyzed by ImageJ™ for their 
color intensities. We performed eight replicates for each test. 
5.3.6 Filtration of metabolically inactive E. coli in filtered autoclaved lake water 
One-hundred milliliters of filtered autoclaved lake water with metabolically inactive 
environmental E. coli at concentrations of 2.35 x 102, 5 x 105, 5 x 107 and 5 x 109 CFU (100 ml)-1 
were vacuum-filtered through a cellulose acetate membrane with 0.45 µm pore size. The E. coli 
captured on the filter membrane were dispersed in 1 ml of water with 0.1 ml l-1 (v/v) Tween 85 
by mechanical agitation of the filter with a cell spreader for 1 minute. The resulting solution 
was used to bind the E. coli to papers with T4 bacteriophages. The presence of metabolically 
inactive bacteria on the paper was detected with the INT/PNPP assay and the intensity of color 
was analyzed by ImageJ™. We performed eight replicates for each concentration. 
5.4 Results  
The here reported assay consist of two parts: the capture of E. coil on filter paper with 
T4 bacteriophages and the subsequent colorimetric detection of that capture with substrates 
for intracellular enzymes of E. coli. We determined the best conditions for each of these parts 
separately before combining them. For the colorimetric detection of E. coli on paper we first 
added the E. coli to the paper followed by the assay solution. We used high concentrations of 
107 CFU per paper for the assay development achieving strong colors and color differences. At 
this concentration the color started to develop after 5 minutes and intensified over the next 30 
minutes, allowing us to quickly determine the validity of each combination. For quantitative 
analysis we continued the reaction to complete dryness (60 minutes) before scanning and 
image analysis.  
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5.4.1 Tetrazolium salt at neutral pH detected metabolically active E. coli on filter paper better 
than metabolically inactive E. coli.  
Tetrazolium salts interact with dehydrogenases and reductases in bacteria to form 
colored formazans [40]. The intensity of the color is dependent on the concentration of the 
bacteria and the length of reaction. We used intensity of the color formed by the formazans at 
a constant reaction time (60 minutes) to measure the concentration of environmental E. coli on 
paper. In preliminary experiments, we explored different tetrazolium salts to detect E. coli on 
paper and found that an iodophenyl-nitrophenyl-phenyl-tetrazolium salt (INT) led to the 
strongest change in color (data not shown). INT changes from colorless to purple when it is 
reduced to formazan. We used INT for all further experiments.  
Dehydrogenases and reductases are present in high numbers in metabolically active and 
inactive bacteria [41,42]. Tetrazolium salts do not directly react with these enzymes, but 
receive electrons generated by the interaction of dehydrogenases with electron transporters, 
such as NADH [40]. Tetrazolium salts have been used to test cell viability at physiological pH 
[18]. A reaction that showed pH dependence [43] and was influenced by electron acceptors, 
such as methylphenazinium methyl sulfate (PMS) [40]. We measured the intensity of the 
formazan color in the presence of PMS at pH 7 both visually and digitally. For digital analysis we 
split the color into its red, green, and blue values. The green channel showed the largest 
changes with changing conditions and was used for all quantitative analysis. 
We varied both the concentrations of INT and PMS (Table 5-1) before adding the assay 
to metabolically active E. coli (107 CFU per paper) on filter paper (Figure 5-1A). Both INT and 
PMS showed concentration dependent behavior. For PMS the intensity of the color increased 
independent of the concentration of INT with increasing concentration until 0.27 mmol l-1. For 
larger concentrations of PMS (> 0.27 mmol l-1), the color intensity significantly dropped for all 
INT concentrations. For INT the color intensity only minimally increased up to 0.27 mmol l-1 PMS 
for 0.33 mmol l-1, while the color intensity was significantly larger and independent on the 
concentration of INT at larger concentrations (0.82 to 1.64 mmol l-1). All future experiments 
contained 0.27 mmol l-1 PMS. 
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To increase the number of electrons produced by the dehydrogenase enzymes, which 
could potentially lead to an increase in formazan formation, we added L-malate a substrate for 
malate dehydrogenase to the INT/PMS mixture. Malate dehydrogenase is a common enzyme in 
most bacteria including E. coli [44]. We used INT concentrations between 0.82 mmol l-1 and 
1.64 mmol l-1 which showed the strongest colors without L-malate (Figure 5-1A) varying the 
concentration of L-malate from 0 mmol l-1 to 12.8 mmol l-1 (Figure 5-1B). The intensity of the 
color was dependent both on the concentration of INT and L-malate with no significant change 
in the color intensity for papers with 0.82 mmol l-1 INT independent on the concentration of L-
malate. For higher concentrations of INT the color intensity increased between 1.1 fold (1.32 
mmol l-1 INT) and 1.3 fold (1.64 mmol l-1 INT) in the presence of L-malate. At the highest 
concentration of INT tested the color intensity showed a maximum at 6.4 mmol l-1 L-malate. We 
used a combination of 1.64 mmol l-1 INT, 0.27 mmol l-1 PMS, and 6.4 mmol l-1 L-malate at pH 7 
for all further experiments involving the INT/PMS/L-malate assay.  
We tested the influence of the metabolic state of the E. coli on the color intensity of the 
INT/PMS/L-malate assay at varying concentrations of E. coli. Metabolically active environmental 
E. coli (i.e., fresh overnight cultures) or metabolically inactive E. coli (i.e., microcosm E. coli) in 
filtered autoclaved lake water were placed on the filter paper followed by the INT/PMS/L-
malate assay mixture. We varied the concentration of the E. coli from 107 CFU per paper to 103 
CFU per paper. For both types of E. coli the color intensity increased with increasing 
concentration of bacteria (Figure 5-1C). We were able to visually distinguish between papers 
without bacteria and papers with bacteria at concentrations of 105 CFU per paper. Digital 
analysis of the papers improved our limit-of-detection to 104 CFU per paper. The metabolically 
active bacteria generally showing a stronger color than the metabolically inactive ones. The 
difference in the color intensity was higher with increasing concentration of E. coli, while for 103 
CFU per paper the color for metabolically active and inactive bacteria was indistinguishable. The 
color at 107 CFU per paper was 1.1 fold higher for metabolically active E. coli.  
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Figure 5-1. Colorimetric assays for metabolically active environmental E. coli on Whatman grade 3 filter paper. 
All papers were imaged and analyzed after 60 minutes and the color intensity in the green channel was 
determined with ImageJ™. A) Change in the color intensity depending on the tetrazolium salt (INT) and the 
concentration of the electron transporter (PMS). Mixtures of 0.33 to 1.64 mmol l-1 INT and 0 to 6.53 mmol l-1 PMS 
at pH 7 were added to 107 CFU per paper metabolically active E. coli on filter paper. The insert shows the 
schematic of this experiment. Bacteria (red) on paper (white) are exposed to INT/PMS solutions (light yellow) 
leading to formazan development (purple). B) Change in the color intensity depending on the tetrazolium salt (INT) 
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and enzyme substrate (L-malate) concentration at constant electron transporter concentration (PMS: 0.27 mmol l-
1). Concentrations of INT for A) and B) (mmol l-1): 0.33 = circle; 0.82 = upward triangle, 1.32 = downward triangle; 
and 1.64 = diamond. C) Color intensity of the optimized INT/PMS/L-malate (1.64/0.27/6.4 mmol l-1) assay at 
varying concentrations and metabolic state of environmental E. coli (0 – 107 CFU/paper). Metabolically active 
bacteria: square; metabolically inactive bacteria (exposed to filtered autoclaved lake water for 40 days): circle. All 
error bars are two standard errors with a N = 8. Inserts: representative scanned images of the developed color for 
metabolically active (top) and metabolically inactive (bottom) E. coli. The diameter of the circle was 6 mm. 
5.4.2 Tetrazolium salt and nitrophenyl phosphate at basic pH detected metabolically inactive E. 
coli better than metabolically active bacteria  
Dehydrogenases and reductases are also present in metabolically inactive bacteria [42] 
with some of these enzymes reacting at an optimum pH of 10 [45]. A second class of enzymes 
that can be overexpressed in metabolically inactive bacteria are alkaline phosphatases [22,46]. 
We combined assays for dehydrogenases/reductases employing INT and alkaline phosphatases 
employing 4-nitrophenyl phosphate (PNPP) to detect metabolically inactive E. coli on paper at a 
basic pH (pH 10). PNPP produces a yellow color which was too weak to be visualized on paper 
until a concentration of 112 mmol l-1. At that concentration of PNPP the assay turned color 
without E. coli present, making it impractical. INT (3.28 mmol l-1) at pH 10 reacted with 
metabolically inactive E. coli forming the same purple formazan it produced at pH 7. The 
difference between INT assays at pH 7 and pH 10 was that we needed no electron transporter 
(PMS) or enzyme substrate (L-malate) to achieve a strong color at the higher pH. We combined 
INT and PNPP at pH 10 varying the concentration of each (Figure 5-2A). The color intensity 
increased when we increased the INT and PNPP concentrations with the strongest color change 
for 3.28 mmol l-1 INT and 45 mmol l-1 PNPP (Figure 5-2A). At higher concentrations of PNPP or 
INT the assay turned color without E. coli present.  
We tested the influence of the metabolic state of the E. coli on the INT/PNPP assay by 
adding metabolically active environmental E. coli, and metabolically inactive E. coli, exposed to 
filtered autoclaved lake water for 5 days or 40 days. For metabolically active E. coli there was 
no difference in the signal between samples with bacteria and sample without bacteria (Figure 
5-2 B) indicating that this assay could not detect metabolically active E. coli. For metabolically 
inactive E. coli the color intensity increased with increasing concentration of E. coli (Figure 5-
2B). The level of the increase was dependent on the length of exposure of the bacteria to the 
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filtered autoclaved lake water. The longer the bacteria were exposed to the water the stronger 
the color intensity and the larger the spread of the signals. As with INT/PMS/L-malate assay for 
metabolically active E. coli this assay required 104 CFU of metabolically inactive E. coli per paper 
for a detectable color change.  
 
Figure 5-2. Colorimetric assays for metabolically inactive environmental E. coli on Whatman grade 3 filter paper. 
All papers were imaged and analyzed after 60 minutes and the color intensity in the green channel was 
determined with ImageJ™. A) Change in the color intensity (green channel) depending on the concentration of 
tetrazolium salt (INT) and alkaline phosphatase substrate (PNPP) at pH 10. INT/PNPP mixture was added to 107 CFU 
per paper microcosm E. coli (exposed to filtered autoclaved lake water for 30 days). Concentrations of INT (mmol l-
1): 1.32 = downward triangle; 1.64 = diamond; and 3.28 = right facing triangle. Error bars correspond to two 
standard errors. N = 8. B) Change in the color intensity for INT/PNPP (3.28/45 mmol l-1) mixtures on filter papers 
with varying concentrations of E. coli at different metabolic states. Square: metabolically active E. coli; triangle: E. 
coli exposed to filtered autoclave lake water for 5 days; circle: E. coli exposed to filtered autoclave lake water for 
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40 days. Error bars correspond to two standard errors. N = 8. Inserts: representative scanned images of the 
developed color. The diameter of the circle was 6 mm. 
5.4.3 Adsorption of T4 bacteriophages on filter paper required at least eight hours 
We immobilized T4 bacteriophages onto Whatman grade 3 filter paper by adsorption; 
immersing the paper samples into T4 bacteriophage suspensions (1.6 x 1010 PFU per paper) for 
up to 72 hours. We indirectly determined the concentration of bacteriophage on the paper, by 
subtracting the number of bacteriophage in the suspension after immersion of the paper from 
the number of bacteriophage in the same suspension before immersion of the paper. We 
adjusted for any loss in activity of the bacteriophage by exposing bacteriophage suspensions 
without paper to the same conditions. After 40 minutes phage adsorption was minimal with 
17% (2.85 x 109 PFU per paper of the bacteriophage in the solution. From 8 to 72 hours of 
immersion the number of adsorbed bacteriophages stayed constant with 1 x 1010 PFU per 
paper, corresponding to 62% of the bacteriophage present in the suspension. We tested the 
stability of the adsorption of the bacteriophages to the paper fibers by exposing the paper to 
100 µl of PBS buffer and removing the liquid by inversion of the plate and determining the 
number of bacteriophages in the solution. After the first exposure the paper contained 9.87 x 
109 PFU corresponding to a 1.33% loss, with the second exposure leading to a similar loss (2.99 
% loss). Starting from the third exposure losses were much smaller with 0.17 % and 0.16 % for 
the third and fourth exposure, respectively. We used four exposures to PBS for all papers used 
to bind E. coli. There papers contained on average 7.8 x 109 PFU per paper. 
5.4.4 T4 bacteriophage on paper bound metabolically inactive E. coli detectable with INT/PNPP 
assay 
We bound metabolically inactive E. coli with T4 bacteriophages adsorbed on filter paper 
by adding the bacteria to the paper and removing unbound bacteria by four washes with PBS 
buffer. Metabolically inactive E. coli are closer to the coliforms found in lake water than 
metabolically active bacteria as a consequence of starvation in fresh and lake water [37,46]. In 
solution the binding of T4 bacteriophages to E. coli takes three minutes at 37 °C [47]. We tested 
different conditions for binding E. coli to the bacteriophages on paper and found that five 
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minutes at 37 °C worked best. For binding we either added the E. coli directly to the paper 
giving us better control over the concentration of bacteria on the paper, or we placed the 
papers in a larger volume of E. coli. The latter not only required binding of the bacteria to the 
bacteriophages, but also their capture from the larger volume of liquid. We blocked non-
specific adsorption sites on the paper fibers with bovine serum albumin after immobilization of 
the T4 bacteriophages to avoid non-specific adsorption of E. coli to the paper fibers. After 
binding of the E. coli we washed the papers at least twice with PBS buffer to remove unbound 
bacteria. Once unbound E. coli were removed we added the INT/PNPP assay to these papers 
(Figure 5-3A). There was no visible color change for papers without bacteriophage after two 
washes (Figure 5-3B).  
5.4.5 E. coli bound to bacteriophages led to the formation of purple formazan in the INT/PNPP 
assay  
For E. coli directly added to the bacteriophage containing papers it took 30 minutes for 
the color to fully develop, while for bacteria captured from a larger volume of solution it took 
60 minutes for the color to develop. We compared the color intensity for papers with and 
without bacteriophages that had directly received E. coli after removing unbound E. coli by 
immersing the paper in buffer two to eight times. The color intensity for papers with 
bacteriophages was significantly higher and did not change significantly with the number of 
immersion in buffer (Figure 5-3B), as long as the papers had be immersed in bacteriophage 
suspension for 48 hours.  
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Figure 5-3. Colorimetric detection of metabolically inactive E. coli bound to T4 bacteriophage on filter paper. A) 
Schematic of the experimental set up. E. coli (red) bound to T4 bacteriophages on paper (grey) were exposed to 
the INT/PNPP assay solution (yellow) at pH 10 which lead to the formation of purple formazan in the bacteria. B) 
Change in the color intensity depending on the number of exposures to PBS buffer of the filter paper with E. coli 
(exposed to filtered autoclaved lake water for 30 days) prior to the addition of INT/PNPP (3.28/45 mmol l-1) 
solution at pH 10. Papers that contained T4 bacteriophages only lost minimal color in up to eight exposures 
(diamond), while papers without bacteriophages did not show color above that seen for paper not exposed to 
bacteria (square). These results indicate that bacteriophages were needed to bind E. coli. Error bars correspond to 
two standard errors. N = 8. C) Change in the color intensity depending on the concentration of metabolically 
inactive E. coli (exposed to filtered autoclaved lake water for 40 days) after the E. coli were pre-concentrated by 
filtration and dispersion in a smaller volume of liquid. The recovered E. coli were bound to bacteriophages and 
unbound bacteria were removed by four washes with PBS buffer before INT/PNPP (3.28/45 mmol l-1) solution was 
added. These results indicate that bacteriophages were needed to bind E. coli. Error bars correspond to two 
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standard errors. N = 8. Inserts: representative scanned images of the developed color. The diameter of the circle 
was 6 mm. 
In recreational waters, such as lakes, the single sample maximum acceptable one time 
limit is 235 coliforms per 100 ml of water [48]. We tested our new assay for its applicability in 
testing coliforms in recreational waters by spiking 100 ml of filtered autoclaved lake water with 
235 to 109 CFU of metabolically inactive E. coli. With a limit-of-detection of 104 CFU per paper 
(Figure 5-2B) for the INT/PNPP assay we decided to pre-concentrate the water samples before 
binding the E. coli to the bacteriophages on the paper. We used vacuum filtration through a 
 chemical removal of the E. coli from that 
membrane. For the removal we added 1 ml of water with TWEEN 85 (chemical) and agitated 
the surface of the filtration membrane (physical). Recovery of the bacteria was low and 
inconsistent as has been described for similar methods [49,50]. While we need to find better 
pre-concentration methods, recovery was sufficient to perform our INT/PNPP assay after 
binding the bacteria to the bacteriophage on paper, leading to 1.58 x 109, 2.88 x 107, 1.05 x 105 
and 83 CFU ml-1 after pre-concentration respectively. The color intensity increased with higher 
concentrations of E. coli and water samples with ≥ 5 x 105 CFU per 100 ml formed significantly 
more formazan than water samples with lower concentrations (Figure 5-3C). Detecting 
metabolically inactive environmental E. coli took less than 90 minutes, including filtration, 
binding by bacteriophage on paper and colorimetric assay. 
5.5 Discussion 
In this proof-of-principle study we combined the specificity of bacteriophage-host 
interactions with the detection of common intracellular enzymes to detect E. coli in water. 
While combining bacteriophage and the detection of intracellular components to detect 
bacteria is not new [13,51,52], to our knowledge this is the first detection scheme using 
bacteriophage and intracellular enzymatic assays that does not require the lysis of the bacteria 
before detection. Not requiring lysis reduces the chemicals and/or time needed for analysis, 
and retains them inside the bacteria. This protection by the bacteria should improve enzyme 
function increasing the assays reproducibility.  
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5.5.1 Colorimetric detection of intracellular enzymes on paper 
 We chose two classes of intracellular enzymes common to a large number of bacteria 
for our colorimetric detection: dehydrogenases and alkaline phosphatases. Dehydrogenases are 
found in the electron transport system of microorganisms during both aerobic and anaerobic 
metabolisms [53]. They are present in high numbers in a large variety of bacteria such as E. coli, 
and Salmonella [54], making them interesting for rapid detection. We chose tetrazolium salts to 
detect the activity of dehydrogenases which have been extensively used in solution to detect 
metabolically active bacteria. After preliminary tests with methylthiazolyldiphenyl tetrazolium, 
blue tetrazolium chloride, neotetrazolium chloride, 2-(4-iodophenyl)-5 phenyl tetrazolium 
chloride (INT), we decided on INT since it showed the strongest color change with pure malate 
dehydrogenase on filter paper and had the best solubility in water (data not shown). For the 
detection of metabolically active E. coli on paper we needed 1.38 mmol l-1 INT for the strongest 
color change. This concentration is similar to the INT concentration used for the detection of E. 
coli in liquid [15,17]. These similar concentrations indicate that the paper substrate does not 
interfere with the INTs ability to be reduced by the bacteria. We needed a higher concentration 
of L-malate than reported by Mueggler et al. [54] for the activation of malate dehydrogenase in 
buffer, which can be explained by only a fraction of the L-malate entering the bacteria to 
perform as a substrate for malate dehydrogenase.  
E. coli found in lake water are often metabolically inactive and have lower respiration 
rates [15]. While these bacteria have been previously detected by INT in solution [42,55], these 
assays can take multiple days to weeks for formazans to develop. During the short reaction 
times (60 minutes or less) tested here, we were unable to see a color change of INT with 
metabolically inactive E. coli at pH 7, likely due to a reduced number of dehydrogenase 
enzymes in these bacteria. When we increased the pH to 10 we were able to detect 
metabolically inactive E. coli with INT either due to an increase in the reaction speed or because 
other dehydrogenases or reductases, active at this higher pH, produce electrons that reacted 
with INT. One such enzyme could be periplasmic nitrate reductase which is related to anaerobic 
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respiration in E. coli [56], which showed optimal performance at pH 10 when extracted from 
the fresh water bacterium Synechococcus sp. [45]. Metabolically inactive E. coli often show both 
changes in morphology and volume [57], like an increase of periplasmic space [58], and changes 
in enzyme concentrations. One enzyme that is overexpressed in the periplasm of metabolically 
inactive E. coli is alkaline phosphatase [22,46]. In this study we were able to detect 
metabolically inactive E. coli with high concentrations of PNPP (45 mmol l-1) as a substrate for 
ALP. This concentration of PNPP was significantly higher than the 0.1 mmol l-1 or 0.12 mmol l-1 
reported previously [59,60]. A potential reason for this high concentration of PNPP in our 
system, is the fact that we performed the assay on paper and a visual color change from white 
to yellow can only be detected for intense shades of yellow, which require more para-
nitrophenol.   
Combining INT and PNPP to simultaneously detect reductases/dehydrogenase and ALP 
activity in metabolically inactive E. coli, achieved a purple color change on paper that was 
stronger than the color change of either of the assays alone. This increase in color could be due 
to a simple addition of the purple and yellow colored compounds formed or it could be due to 
an increase in formazan production, from enzymes that require phosphate or phosphorylated 
compounds. Further experiments are required to understand the interactions of INT and PNPP 
in the presence of metabolically inactive E. coli. 
5.5.2 Binding E. coli to bacteriophage on paper  
Immobilizing bacteriophage on surfaces for various applications is not new (see [35,61–
63] for examples) and can be done by physical and chemical means. Chemicals procedures, 
such as amid formation, risk the denaturation of the bacteriophages during the processing 
decreasing their ability to bind and potentially lyse bacteria. However, forming covalent bonds 
between the substrate and the bacteriophage will ensure 100% retention of the bacteriophage 
on the substrate under most operating conditions. Physical attachment, e.g., through charge-
based interactions, can often be performed under milder conditions. However, these 
interactions between substrate and bacteriophages are easier to break, leading to a release of 
bacteriophages from the surface. In this study, we used physical interactions between T4 
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bacteriophages and cellulose fibers in filter paper to attach the bacteriophage. We achieved a 
high loading of T4 bacteriophage on the paper in 8 to 48 hours that were stable to the 
conditions used for the capture of E. coli and the colorimetric detection of the bacteria. We lost 
similar numbers of the bacteriophage during exposure to buffer independent on how long we 
immersed the papers in the bacteriophage solution. However, when we use these paper to bind 
E. coli followed by colorimetric detection of the bacteria we saw a purple color for papers after 
48 hours of incubation and no color for 8 hour incubations. We hypothesize that this difference 
in color was due to a difference in orientation of the bacteriophage on the cellulose fibers 
leading to a difference in bacteria binding, but more analysis on the orientation of the 
bacteriophage and bacteria binding is needed for confirmation.  
We were able to capture E. coli on the paper without the need of adding the solution 
directly on the reaction zone. This feature, while requiring a longer reaction for the assay, was 
of particular interest to us, since it simplifies operation of the test. A user would have to simply 
immerse a dip-stick type test containing the bacteriophage in a pre-concentrated solution for a 
defined time and then add the assay solution.  
5.5.3 Field applicability 
 In this proof-of-principle study we performed limit-of-detection determinations 
showing that while we can detect E. coli on paper using our detection scheme we will require a 
significant pre-concentration or amplification step similar to other colorimetric assays [64–67]. 
The advantage of our device is that the detection is not bacteria specific allowing for easy 
multiplexing of the test by simply exchanging the bacteriophage used for capture. We not only 
have an assay to can be easily used for different bacteria, we have two assays that can 
distinguish between metabolically active and inactive bacteria, making it a versatile platform for 
bacteria detection. 
In summary we described a proof-of-principle detection technology for bacteria that 
combines the specificity of bacteriophage-bacteria host interactions with the versatility of 
colorimetric assays for common intracellular enzymes. The test allowed the determination of 
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the number of E. coli in water in less than 90 minutes including a pre-concentration step 
distinguishing between metabolically active and inactive E. coli. 
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Chapter 6: Conclusions and future work 
 
6.1 Conclusions 
This thesis describes the fabrication of a fast and inexpensive paper-based device for 
detecting the water quality standard bacteria by color change. Lake water was considered for E. 
coli isolation and detection. Since most of the challenges related to water quality are faced by 
the developing world, our research accounts for the ASSURED criteria for low-cost diagnostic 
devices established by the WHO and mentioned in CHAPTER 2. These criteria stand for 
Affordable, Sensitive, Specific, User-friendly, Robust, Equipment-free and Deliverable [1].  
ASSURED criteria is related to our paper-based devices as follows: the main elements (paper, 
assays and bacteriophages) are inexpensive to produce. The sensibility is given by our 
colorimetric assays considering the metabolism of bacteria in lake water as shown in CHAPTER 
4. The specificity of bacteriophages towards E. coli strains is used to capture them in the paper 
fibers as described in CHAPTER 5. Intrinsic properties of paper strips explained in CHAPTER 3 
together with the colorimetric read-out is considered user-friendly, robust, and equipment-
free. Although our methodology requires equipment, such as a wax-printer, they are 
commercially available. Most importantly, our paper based devices have the potential to be 
deliverable; as discussed in CHAPTER 4, the use of mobile Apps facilitates the color analysis in 
situ.  
Paper-based devices were created by using the wax printing technique (CHAPTER 2). 
Two day-absorbed T4 bacteriophages into paper allowed us to bind environmental strains of E. 
coli within 5 minutes at 37 °C (CHAPTER 5). Color change on paper with 104 CFU of E. coli was 
significantly visible (p<0.05) in less than 1 hour at room temperature (CHAPTER 4). Particular 
metabolic fluxes of E. coli in lake water conditions were considered to create a colorimetric 
assay (CHAPTER 4). Metabolic stage of this type of bacteria was identified by using the 
developed colorimetric assays on paper (CHAPTER 4). Taking into account a pre-concentration 
step of bacteria, binding process of E. coli to absorbed bacteriophages on paper, detection of 
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the metabolic state and quantification of these E. coli bacteria by color change our 
methodology required 1.5 hour (CHAPTER 5).  
Based on the aforementioned properties of our paper-based devices, this methodology 
is applicable to the field and to low-resource setting places. Furthermore, the innovative use of 
traditional assays to distinguish metabolic states of bacteria and the possibility to construct 
specific low-cost bacteria detection platforms have the potential to identify E. coli and other 
bacteria from other sources besides lake water.  
6.2 Future Work 
Even though this research is ready to be tested in field conditions, additional research 
might prevent potential challenges in the lakes and will produce a finished method; light and 
moisture should be controlled to allow an appropriate color analyses.  
Optimization of our current methodology should be evaluated. Mix cultures and 
identification of E. coli among other bacteria will increase specificity and will make a more 
trustworthy platform. Scrape off technique after pre-concentration step (CHAPTER 6) needs to 
be optimized in order to detect the number of E. coli accurately as established by the EPA. 
Further understanding in T4 bacteriophage absorption process is needed to immobilize them 
faster. Binding these specific entities chemically to paper fibers could prevent bacteriophage 
losses when removing unbound bacteria.  
Other directions should be explored. Development of color analysis tools (e.g., mobile 
Apps) in situ might improve reliability. Formulations of other colorimetric chemical compounds, 
further understanding of metabolic fluxes of E. coli under starvation, and the development of 
other inexpensive read-out methods might improve current LOD. Additional pre-concentration 
step techniques need also to be considered.  
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